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Abstract

Angiosperms have evolved multiple mating systems that allow reproductive
success under varied conditions. Striking among these are cleistogamous mating
systems, where individuals can produce alternate flower types specialized for distinct
mating strategies. The expression of cleistogamy is thought to be environmentally-
dependent, but little is known about the environmental triggers that induce
cleistogamous flowers, or the gene regulatory networks that determine the final floral
phenotypes. If production of alternate flowers is environmentally induced, populations
may evolve locally adapted responses. Mimulus douglasii, exhibits a cleistogamous
mating system, and ranges across temperature and day length gradients, providing an
ideal system to investigate the environmental parameters that modify the expression of
cleistogamy and the gene regulatory networks responsible for the different floral forms.
In the studies described here, we compared flowering responses across M. douglasii
population accessions that produce phenotypically distinct outcrossing
(chasmogamous), and self-pollinating (cleistogamous) flower morphs. Under controlled
conditions, we determined time to flower, flower number, and type of flower produced
under different temperatures and day lengths. We also compared gene expression
profiles between chasmogamous and cleistogamous flowers using RNA-seq. Finally, we

crossed individuals from populations that have different environmental response
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thresholds to identify genome loci that contribute to the between population difference
in threshold. We find that temperature and day length both effect onset of flowering.
Long days shift flower type from predominantly chasmogamous to cleistogamous. The
strength of the response to day length varies across accessions whether temperature
varies or is held constant. We also find that gene expression patterns differ between the
early development chasmogamous and cleistogamous flower buds.

Cleistogamy is an environmentally sensitive polyphenism in Mimulus douglasii,
allowing transition from one mating strategy to another. Longer days shift populations
toward the production of cleistogamous flowers. Shorter days favor the production of
chasmogamous flowers. Population of origin has an effect on response to environmental
cues, and we were able to cross those different populations to map the genetic loci that
contribute to between-population differences. Subtle shifts in the expression of cell
division, cell expansion, and metabolic process related transcripts lead to the dramatic

phenotypic differences observed between chasmogamous and cleistogamous flowers.
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1. Introduction: Flower Form Plasticity in Mimulus
douglasii

For most organisms, the ability to adapt to your local environment is of the
greatest importance. Angiosperms are no exception, they must also sense their
environment to detect nutrients and water in the soil, determine season, and measure
light quality. In addition to sensing the environment, individuals can modify their
development in a plastic way to better adapt to local conditions (Via 1995; Ghalambor
2007). Long term adaptation through selection is beneficial if the environment is
relatively stable year to year, however, more variable environments can select for
developmental plasticity that can allow organisms to detect environmental cues and
alter their developmental trajectories within a single generation (Schoen and Lloyd
1984). When a single individual or genotype is capable of producing multiple
phenotypes, it is called phenotypic plasticity, one type of plastic environmental response
is called a “polyphenism” in which the plastic phenotype has two distinct morphs,
instead of a quantitative trait that has a continuous distribution (Mayr 1963; Whitman
and Agrawal 2009).

There are many examples of polyphenisms in animals and plants: Daphnia,
Melpomene, arctic fox, spadefoot toad, Arabidopsis are a few examples (Donohue 2005;
Moczek 2011). While the phenotypes have been well studied, particularly in insects, the

underlying genetic control mechanisms have been more elusive (reviewed in Schiner



1993; El-Soda 2014; Vellichirammal et al. 2016). Polyphenisms offer the potential for
organisms to have different, potentially adaptive, responses to different environments
within a single generation. Additionally, over successive generations polyphenisms can
evolve (Whitman and Agrawal 2009). Specifically, the activation threshold for
polyphenisms can evolve when a particular environmental cue consistently predicts an
environmental change, allowing the organism to alter the initiation of a plastic
development response to optimize their chance for survival or reproduction (Schoen and
Lloyd 1984). Any maladaptive plastic responses to environmental cues can result in
severe fitness reductions. If there is divergent selection on different populations due to
predictable local conditions the threshold of the polyphenism could evolve to match.
This shift could occur by gradually changing the threshold of the polyphenism via
several small effect loci, alternatively a single large effect mutation could cause large
shifts in the threshold.

Studies have investigated threshold shifts for polyphenisms, and demonstrated
heritability of threshold response, indicating a genetic component (Roff 1996; Nijhout
2003; Pfennig et al. 2010). Due to a shortage of data, it is not yet clear whether these
shifts in threshold are due to few loci of large effect, or many loci of small effect. Plants
are also an excellent model system for studying polyphenisms and plasticity generally,

because plants can have different plastic responses at each developing node or



meristem. Plants are also sessile, they must alter their development quickly as their
environment changes because they cannot move away from stressors (de Kroon 2005).
The adaptive significance of different sexual systems has been heavily studied at
least since Darwin (Darwin 1862, 1876, 1877). The majority of plant species produce male
and female gametes in the same flower, these hermaphroditic species may be completely
outcrossing, highly self-fertilizing, or somewhere in between (mixed-mating)
(Goodwillie et al. 2005; Winn and Moriuchi 2009). Flowering plants also have several
interesting polyphenic responses to the environment, some of which involve the flowers
directly. The polyphenism that M. douglasii exhibits and that will be used here to
measure environmental responsiveness is called Cleistogamy which is a highly
specialized mixed-mating system. Cleistogamy is the name of the breeding system
where a single individual plant is capable of making two distinct flower morphs (Lord et
al. 1981). A large, showy, open pollinated morph (Chasmogamous, CH), and a tiny,
obligately self-pollinated morph (Cleistogamous, CL). The different floral morphs are
often induced by an environmental cue and the resulting ratio of floral morphs can have
drastic effects on the reproductive fitness of the individual. To date, few genetic studies
of cleistogamy have done, most of which centered on mutants of species that are not
naturally cleistogamous (Maeng et al. 2006; Yoshida et al. 2007; Lu et al. 2012; Ohmori et

al. 2012; Ni et al. 2014).



Mimulus douglasii is a diminutive California native wildflower in which
cleistogamy occurs naturally. It occurs in the Northern two thirds of the state and the
range extends into Southern Oregon. M. douglasii tends to live in relatively small patches
where it grows in rocky or clay based soil, often in areas with little shade or other dense
vegetation (Dena Grossenbacher, personal communication). M. douglasii has a high
affinity for serpentine soils where there is little competition from other species (CalFlora
2017). In their native habitat, they germinate with the fall or spring rains, make a few
open (chasmogamous) flowers if conditions permit, then switch to closed
(cleistogamous) flowers as the summer drought approaches (Thompson 2005;
Grossenbacher personal communication). Under the typically harsh wild conditions
where M. douglasii grows, individuals rarely make more than 2-4 flowers before
senescing, under lush conditions in the greenhouse it is common for individuals to make
50-100 flowers (mostly cleistogamous) before senescing after 3-4 months (personal
observations). The two floral morphs appear to be under the control of an environmental
‘sense and response’ mechanism, and the results described here support that hypothesis.
The exact cues that are being summed to produce one floral morph or the other are
unknown, though some have speculated that water availability, day length, or
temperature may be the primary cue (Howell 1942; Hesse 1957; Thompson 2005).
Mimulus douglasii has a true cleistogamous breeding system (sensu Lord 1981), where a

single individual can make chasmogamous or cleistogamous flowers.



In M. douglasii chasmogamous flowers are large (3-6cm from base to tip), showy,
and pinkish purple. These chasmogamous flowers have two pairs of fertile anthers that
are held directly behind the receptive surface of the stigma within the corolla tube

(Figure 1). Chasmogamous flowers develop over the course of a week, open fully and

are available to pollinators for several days before wilting.

Figure 1: Mimulus douglasii Chasmogamous Flowers

Photo Credit: CalPhotos database, © Keir Morse (CalFlora 2017)
Cleistogamous flowers, on the other hand, are tiny (< 1cm) and obligately self-

fertilizing, the small opaque petals enwrap the stamens and stigma, preventing any
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pollen import or export (Figure 2: A, C, D). Cleistogamous flowers often develop only
one pair of fertile anthers, in the ventral (abaxial) position, while the second anther pair,
in the lateral position, have residual filaments though the pollen sacs often abort early in
floral development. The stamen filaments are visible under a dissecting scope in the
fully developed closed flowers, but the pollen sacs are often completely absent.

During the spring of 2012, Dena Grossenbacher and I used published herbarium
records to locate different populations of Mimulus douglasii from across its native range
in California. From each of the populations that we identified, we collected ~10
individuals that were still in flower, as well as soil from the locations were each collected
plant was growing. The collected plants were transplanted into 2.5in square pots filled
with greenhouse soil and sand mixture, they were watered and kept alive until
senescence to obtain ripe seeds. Those wild collected seeds were grown in different
conditions in the Duke Greenhouse for successive generations to create inbred lines for
each population.

In order to better understand the genetic mechanisms behind the polyphenism,
we must first be able to reproducibly induce one floral morph or there other (Barnett et
al. in review, Chapter 2). In order to induce the different floral morphs, we must first
identify the environmental cue(s) that can alter the floral developmental trajectory in the
focal species M. douglasii. We can accomplish this by growing many individuals from

different population accessions under a variety of conditions. M. douglasii has never



been studied in the lab in this way, so we started with basic environmental
manipulations to narrow down the possible cues that could induce the different floral
morphs (Barnett et al. in review, Chapter 2). It is clear that different wild populations of
M. douglasii have different (but population specific) responses to common controlled
conditions. Day length, soil moisture, light source, and temperature were all
manipulated in a controlled way to find a cue that could reproducibly induce
individuals to make a certain floral morph. The results of the Barnett et al. study
(Chapter 2) revealed that day length has a strong and consistent effect on the type of
flower produced. The results indicate that not only does day length affect the type of
flower, each collected population has a different average response to a particular set of
environmental conditions. I leveraged the ability to use environmental conditions to
predict phenotype in the design of an RNA-seq experiment to uncover the gene
expression differences that potentially control the development of different floral
morphs (results in Chapter 3).

Another major gap in the literature for threshold evolution, is the scant data for
natural populations, where threshold shifts could be correlated to shifts in the local
environmental conditions that may have caused them. We have the opportunity, using
M. douglasii as the study system, to address the genetic changes that result in variation in
the threshold expression of polyphenic flowers. We have observed that different M.

douglasii populations have different threshold responses to common environments. The



experiments described here (in Chapter 4) are designed to understand how evolution
can change threshold responses, by examining the genetic basis of the difference in

threshold environmental responsiveness between populations of Mimulus douglasii.



2. Plastic Mating System Response to Day Length in the
California Wildflower Mimulus douglasii

This work was done in collaboration with two co-authors: Ashley Troth,
and John H. Willis and this chapter was modified from a manuscript of the same

title, which is in review at the American Journal of Botany.

2.1 Introduction

Most angiosperm species produce male and female gametes in the same flower;
hermaphroditic species may be completely outcrossing, highly self-fertilizing, or
somewhere in between. The adaptive significance of these different mating systems has
been extensively studied, starting with Darwin (Darwin 1862; Darwin 1876; Darwin
1877). From both theoretical and empirical results, we know there are advantages to
both self-pollination and outcrossing, and that many species exhibit a mixed mating
system, where increased self-pollination tends to be associated with a smaller floral
display (Holeski and Kelly 2006, also reviewed in Uyenoyama et al. 1993 and Barrett
2010). However, we do not fully understand the selective pressures acting to maintain
mixed mating (Fisher 1941; Stebbins 1950; Grant 1981; Charlesworth and Charlesworth

1987; Wright et al. 2013).



Some lineages of mixed mating species exhibit plastic breeding systems where
flower size varies with environmental conditions (Diaz and MacNair 1998). This strategy
has the potential to increase reproductive success across seasonal resource or climate
variation (Schoen and Lloyd 1984; Diaz and MacNair 1998). A strikingly specialized
form of environmentally plastic mixed mating is Cleistogamy, which is the ability of
individual plants to make: open (potentially outcrossing) flowers, or closed (self-
pollinating) flowers (Darwin 1877; Goebel 1904; Goebel 1905; Ritzerow 1908; Lord 1981).
Over 690 angiosperm species (from 288 genera in 50 families) are known to have some
variety of cleistogamous breeding system (Culley and Klooster 2007). Individuals of a
species that have a dimorphic cleistogamous breeding system produce two distinct
flower types (Lord 1981). Chasmogamous flowers are showy and have the potential for
outcrossing, they often have large, brightly colored petals and may produce a nectar
reward for visiting pollinators. The same individual can produce cleistogamous flowers
that obligately self-pollinate, often have fewer fertile stamens, and lack nectar
production entirely (Lord 1981). Cleistogamous flowers never fully open due to an
extreme reduction in petal tissue, often accompanied by the complete loss of pigment.
Due to a reduced floral display, cleistogamous flowers are often barely recognizable as
flowers (Darwin 1877; Ritzerow 1908; Lord 1981).

Cleistogamy has been studied most thoroughly in Viola species (Perennial

Violet)(West 1930; Mayers and Lord 1983; Mattila and Salonen 1995; Culley 2002; Winn
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and Moriuchi 2009; Wang et al. 2013), Impatiens species (Jewelweed)(Waller 1980,
Schmitt et al. 1987), and Lamium amplexicaule (Henbit)(Lord 1980, 1981, 1982; Stojanova et
al. 2016). In Lamium amplexicaule, ‘spring’ environmental conditions and long
photoperiod correlate with a higher proportion chasmogamous flower production,
competition or other unfavorable conditions also increase the proportion of
chasmogamous flowers (Lord 1982; Stojanova et al. 2014). For Impatiens capensis,
cleistogamous flowers are produced early in the flowering season, and chasmogamous
flowers are produced later in the season when light intensity is higher and plants are
larger (Waller 1980). Steets et al. (2006) also found that herbivory by snails can
significantly increase the proportion of cleistogamous flowers produced in Impatiens, as
chasmogamous flower production requires a certain biomass to be attained.
Environmental stress, whether from herbivory or neighbor competition, stunts plant
growth and reduces their ability to attain resources needed for chasmogamous flower
production (Schmitt et al. 1987; Steets et al. 2006). Viola pubescens has also been found to
respond to seasonal environmental cues, where higher light intensity in the spring
correlates with chasmogamous flower production, which decreases as canopy cover
reduces available light (Culley 2002).

Reproductively isolated populations may evolve differences in the timing
of flower morph development to match local environmental conditions (Schoen and

Lloyd 1984; Lord 1981; Masuda and Yahara 1994; Winn and Moriuchi 2009). However,

11



the ability of cleistogamous species to produce the appropriate flower to match specific
environmental conditions has been seldom studied in controlled growth environments
(Schoen and Lloyd 1984; Winn and Moriuchi 2009). Studies in wild populations of
several cleistogamous species suggest that average day length or light intensity,
day/night temperature, and soil moisture affect floral morph development (Uphof 1938;
Langer and Wilson 1965; Schemske 1978; Lord 1981; Lord 1982; Masuda and Yahara
1994; Cortes-Palomec and Ballard Jr. 2006; Culley and Klooster 2007; Winn and Moriuchi
2009; Munguia-Rosas et al. 2012). As day length and temperature are reliable cues for
determining season, and are therefore predictive of upcoming climatic conditions, we
can focus on these cues to look for within and between population variance in

environmental response.
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Figure 2: Mimulus douglasii Range Map and Comparison of Floral Morphs

(Left panel) Locations of seven focal Mimulus douglasii populations used in
this study. All population accessions were collected from California (USA) as seeds of
plants that flowered in the field. Shaded counties indicate Mimulus douglasii
occurrences recorded in the CalFlora database. (CalFlora 2017). (Right Panel)
Chasmogamous flower (A, left) with a cleistogamous flower (A, right) at anthesis with
a scale bar indicating 1cm. The outer sepals of both flowers have been removed. (B)
Chasmogamous flower on a plant growing in field. (C) Magnified image of a
cleistogamous flower bud, with sepals removed, showing translucent petals. (D) A
plant that made two cleistogamous flowers in the field. (Photos B and D: Dena
Grossenbacher)

Mimulus douglasii, the focal species in this study, is thought to be a dimorphic
cleistogamous species (Figure 2, A-D). However, historically, some populations of M.
douglasii have been misnamed as a new species, Mimulus cleistogamous, as

chasmogamous flowers were not observed in these populations due to the likely

13



dependence on certain environmental cues for chasmogamous flower production
(Howell 1938). In subsequent observations of those populations by Howell, it appeared
that individuals made chasmogamous flowers first then transitioned to cleistogamous
flower production on later flowering nodes (Howell 1942). These observations of M.
douglasii in the field were cursory, and to our knowledge, no controlled experiments
have been done to investigate the nature of the breeding system in M. douglasii (Howell
1938; Howell 1942; Hesse 1957; Thompson 2005). Here we examine accessions from
seven M. douglasii populations using a greenhouse and controlled growth environment
chambers to test response to day length and temperature cues. Here, we investigate 1)
the nature of the breeding system in M. douglasii; 2) the phenotypic differences between
chasmogamous and cleistogamous flowers; 3) whether the transition from
chasmogamous to cleistogamous flower production is environmentally influenced, and
the nature of the cue; and 4) whether populations differ significantly in their response to

that environmental cue.

2.2 Methods

2.2.1 Study Species and Population Accessions

Mimulus douglasii, purple mouse ears (Benth., A. Gray) Diplacus sect.
Cleistanthus (Howell, Nesom), is a small herbaceous annual species native to central and
northern California, and southern Oregon, USA. M. douglasii has a high affinity for

serpentine soil, and grows readily in thin, rocky, or sandy soils (Safford et al. 2005). In
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April 2012, we collected seeds from seven different geographically isolated populations
that span much of the native range of M. douglasii (Figure 2, left panel). In the wild M.
douglasii typically flower between February and April, we arrived at the end of the
flowering season to find flowering plants that had finished ripening some seeds
(CalFlora, 2017). We were able to collect two to five fruits per individual, and each fruit
contained approximately 40 seeds (Table 1).

Table 1: Mimulus douglasii Seed Collection Locations from California, USA.

Population Name  County Name GPS Coordinates Approximate Elevation

Millville Shasta 40.52137, -122.17923 190 m
Inks Creek Tehama 40.32616, -122.0635 207m
McLaughlin Lake 38.86174, -122.40162 667m
Franz Valley Sonoma 38.56495, -122.68956 289m
Red Hills Tuolumne 37.85786, -120.45679 326m
Bagby Mariposa 37.59998, -120.12603 556m
Indian Creek Camp Monterey 36.11352, -121.45692 650m

2.2.2 Identifying Type of Cleistogamy
To identify what type of cleistogamy M. douglasii exhibits, we grew 14-54
individuals from five population accessions: Inks Creek n=14, McLaughlin n=35, Franz

Valley n=29, Red Hills n=54, and Indian Creek Camp n=24, in the greenhouse at Duke
15



University between November 1%, 2012 and January 10, 2013 (18-hour day length
[natural sunlight plus supplemental light from High Pressure Sodium lightbulbs], 21°C
day, 18°C night). Germinants were grown for a few days until cotyledons were fully
expanded, then transplanted to individual 2.5in square pots. Flowering usually begins at
the second or third leaf node, less than one month after transplant in the greenhouse. We
counted the number of chasmogamous flowers that each individual produced, we did
not count cleistogamous flowers as they are very numerous in the greenhouse (~100 CL
flowers per plant). We did not include plants that never flowered in our analysis. We
ran a contingency analysis on the production of chasmogamous flowers by each
population accession, for this analysis each individual from the five populations was
given the designation: Yes (made at least one chasmogamous flower), or No (only made
cleistogamous flowers) to test the null hypothesis that chasmogamous flower
production does not differ between populations. We also ran a Oneway ANOVA to
assess whether proportion of chasmogamous flowers differed significantly among

populations. All statistical analyses were done using JMP v.13 (SAS Institute 2017).

2.2.3 Characterizing Early Development Phenotypic Differences

We characterized the phenotypic differences between the two flower forms of
several individuals from the previously described experiment using a dissecting
microscope as well as SEM imaging. Buds were collected at various developmental

stages from barely visible to nearly fully opened chasmogamous flowers. Flower buds
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were fixed using a 2% glutaraldehyde solution in 0.1M Phosphate buffer. Fixed buds
were then taken through a dehydration series exchanging di-water for 100% Ethanol
(EtOH) as follows: 50% EtOH, 70% EtOH, 85% EtOH, 95% EtOH, 100% EtOH. The
flower buds were held in 100% ethanol until they could undergo critical point drying
where the EtOH was exchanged for liquid CO: under high pressure, which was
subsequently evaporated, leaving cell walls intact for viewing. Dried buds were
attached to SEM microscope stubs with adhesive carbon conductive disks, and dissected
under a low power light microscope to expose relevant internal structures. After
dissection, tissue was sputter-coated with 15nm gold, and then loaded into the high-
vacuum chamber of the SEM. Images were captured and saved with the corresponding
beam and magnification information. SEM imaging was completed using an FEI XL30
ESEM with Bruker XFlash 4010 EDS.
2.2.4 Effects of Day Length and Temperature on Chasmogamous Flower
Development

To understand environmental influence on floral morph in M. douglasii, we
tested the impact of different combinations of day length and temperature on the
proportion of chasmogamous flowers produced, using six focal M. douglasii accessions
which represent the northern, central, and southern part of the range. In January 2013,
we germinated field collected seeds in a growth chamber on wet Fafard 4p soil (Sun Gro

Horticulture, Agawam, Massachusetts), from Millville (n=65), Inks Creek (n=49), Bagby
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(n=92), Red Hills (n=21), Franz Valley (n=41), and Indian Creek Camp (n=99). When
seedlings fully expanded their cotyledons, we transplanted each into a 2.5-inch square
pot filled with seven parts potting soil and one part coarse sand. We randomly assigned
individuals from each accession to one of four growth chambers in the Duke University
Phytotron, such that each of the chambers had approximately equal numbers of
representatives from each population. Due to variability in initial germination and post-
transplant survival, some populations had fewer representatives. Red Hills germinated
very poorly, and was excluded from the statistical analysis. The growth chambers were
programmed to the following conditions: (chamber one) 10h day at 15.5°C, 14h night at

4.5°C, (chamber two) 14h day at 24°C, 10h night at 10°C, (chamber three) 10h day at

24°C, 14h night at 10°C, (chamber four) 14h day at 15.5°C, 10h night at 4.5°C. These
environmental conditions represent the average day lengths and temperatures for the
approximate beginning of the flowering season (chamber one), and the approximate end
of the flowering season (chamber two) for M. douglasii in California. To separate the
combined effects of temperature and day length, chambers were programmed with the
‘early’ season day length, paired with the ‘late’ season average temperature (chamber
three), and vice versa (chamber four). These chambers were monitored daily for onset of
flowering, at which time we recorded first bud date, first fully open chasmogamous
flower date, and flower type (chasmogamous or cleistogamous) for each flower

produced by each individual. Each individual was monitored for the duration of the
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experiment, the calyces of all chasmogamous flowers were dotted with white paint, and
the calyces of all cleistogamous flowers were dotted with blue paint, to enhance our
ability to monitor them over time, reduce recounts, and ensure that we had typed them
correctly. Within each chamber, flats were randomized once a week for the duration of
the experiment. If plants did not flower within 100 days of germinating, they were
recorded as nonflowering. For the duration of the experiment, flats were bottom
watered as needed to maintain fully saturated soil. We fit a Reduced Maximum
Likelihood model with a standard least squares means personality to assess whether
population of origin, day length, temperature, or any of the interactions (population by
day length, population by temperature, and population by day length by temperature)
significantly affected the proportion of flowers there were chasmogamous. Additionally,
we fit a Reduced Maximum Likelihood model with a standard least squares means
personality to assess whether growth chamber conditions (the unique combination of
day length and temperature), population of origin, or the interaction between the two,
had significant effects on the onset of flowering and the proportion of chasmogamous
flowers produced using JMP v.13 (SAS Institute 2017).
2.2.5 Isolating the Effects of Day Length on Chasmogamous Flower
Development

To disentangle the effect of temperature and day length on flower morph

development, in this experiment we held temperature constant across different day
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lengths for three population accessions. Three chambers in the Duke University
Phytotron were programmed for 12-, 14-, or 16-hour day lengths where temperature was
held constant at 22°C. We assessed differences in threshold response to day length in
geographically isolated populations. Individuals from each population accession (Indian
Creek Camp n=92, McLaughlin n=84, and Millville n=96) were divided evenly into each
chamber. Flats were randomized once a week for the duration of the experiment. These
chambers were monitored daily for onset of flowering at which time we recorded first
bud date, first fully open chasmogamous flower date, node of first flower, and flower
type with node location for each flower produced on the mainstem (principal axis) for
each individual. Calyx paint dots were used, as previously described, to ensure accurate
data collection throughout the duration of the experiment. If plants did not flower
within 60 days of germinating, they were labeled as nonflowering. These plants grew
more quickly, and senesced earlier than in the previous Phytotron study due to the
constant warm temperature. All seedlings started off well-watered, and were bottom
watered as needed to maintain fully saturated soil. We fit a Reduced Maximum
Likelihood model with a standard least squares means personality to assess the impact
of day length, population of origin, and the interaction of the two, on the proportion of

flowers produced that were chasmogamous using JMP v.13 (SAS Institute 2017).

2.3 Results

2.3.1 Mimulus douglasii is a Dimorphic Cleistogamous Species

20



Across all seven tested population accessions, we found that individual plants
produced both distinctly chasmogamous and distinctly cleistogamous flower types.
Under greenhouse conditions at Duke University, 78.6% of n=14 Inks Creek accession
individuals, and 62.1% of n=29 Franz Valley accession individuals made at least one
chasmogamous flower. Only 12.5% of n=24 Indian Creek Camp and 11.1% of n=54 Red
Hills population accession individuals made at least one chasmogamous flower. Of
n=35 McLaughlin accession individuals, 46.7% made at least one chasmogamous flower.
Contingency table analysis of this experimental data shows a significant relationship
between population of origin and production of at least one chasmogamous flower per
plant (likelihood ratio test, x2: 44.184, P <0.0001). In addition, Oneway ANOVA analysis
shows that the number of chasmogamous flowers produced per plant differed
significantly between populations (R?>=0.115625, P = 0.0009).

When grown in the greenhouse, we observed that many individuals only made
cleistogamous flowers throughout the flowering period. Approximately 88% of Indian
Creek Camp (21 of 24) and Red Hills (48 of 54) individuals only made cleistogamous
flowers. At the other end of the spectrum 21% of Inks Creek (3 of 14) individuals only
made cleistogamous flowers. For those individuals that made chasmogamous flowers,
those chasmogamous flowers were made early in the flowering period. Later in the

tlowering period the same individuals transitioned to cleistogamous flower
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development. The pattern of chasmogamous flowering first, if at all, held true regardless
of where we grew M. douglasii individuals from these populations.

In the growth chamber study where temperature was held constant, we tracked
flower type per node specifically to observe the extent of this phenomenon. In that
experiment, 90 Indian Creek Camp individuals flowered across all three growth
chambers. Of those 90 individuals, 51 produced both chasmogamous and cleistogamous
flowers, and 39 of the 90 only made cleistogamous flowers. Of those that that produced
both flower types, 50 of those 51 produced chasmogamous flowers at the first flowering
node. Additionally, 71 Millville individuals flowered in that experiment. Of the 71
individuals, 27 produced both chasmogamous and cleistogamous flowers, and 44 of the
71 individuals only made cleistogamous flowers. Of those that made both
chasmogamous and cleistogamous flowers, 24 of 27 produced chasmogamous flowers at

the first flowering node on the mainstem.

500 pm 500 pm 200 pm
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Figure 3: Images of Dissected Chasmogamous and Cleistogamous Flowers

Scanning Electron Micrographs (SEM) of Mimulus douglasii flower buds. (A)
Chasmogamous flower bud with two fully developed stamen pairs tucked under the
stigma (84X magnification). (B) Cleistogamous flower post-anthesis with pollen tubes
extending from the pollen sacs to the stigma (108X magnification). (C) Cleistogamous
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fruit ripening seeds. As the seeds ripen and the fruit expands, the stigma and anther
remain connected by pollen tubes (187X magnification). For all images, sepals and
petals were removed to view internal structure. Abbreviations: F, fruit; LS, lateral
stamen; PT, pollen tubes; ST, stigma; VS, ventral stamen.

2.3.2 Striking Morphological Differences Distinguish Chasmogamous From
Cleistogamous Flowers

Differences of internal floral morphology between chasmogamous and
cleistogamous flowers become apparent from early in floral development and persist
through late stages of development. In some cleistogamous flowers, we observed that
the lateral stamen pair arrests development of the pollen sacs shortly after they begin to
form, while the ventral (abaxial) stamen pair continues to develop to maturity. When
those cleistogamous flowers fully mature, the filaments of the lateral stamen pair are
sometimes visible if the sepals and petals are removed. If the pollen sacs are present they
are often reduced in size compared to the ventral anthers. In all cleistogamous flowers,
at anthesis, anthers dehisce pollen while still enwrapped in the translucent petals which
never extend beyond the calyx. Pollen germinates in-situ and pollen tube growth
proceeds from the anthers out into the receptive surface of the stigma (Figure 3: B, C).
Chasmogamous flowers at anthesis have both lateral and ventral stamens, both produce
anthers with viable pollen (Figure 2: A, Figure 3: A). Petals become darkly pigmented
and elongate several centimeters beyond the calyx. After anthesis, some self-pollination
may occur in the absence of pollinator activity, depending on herkogamy (stigma-anther

separation).

23



2.3.3 Proportion of Chasmogamous Flower Production is Influenced by Day
Length and Temperature

In the analysis for this experiment, ‘Chamber’, which represents a particular
combination of day length and temperature regime was used instead of day length or
temperature alone because our experimental design was not full factorial as temperature
duration was intrinsically tied to day length. The following analyses included the
parameters: chamber (as a fixed effect), population of origin (as a random effect), and
the interaction between the two. The first REML mixed model showed a significant
effect of chamber on days to bud (R? = 0.636246, P <0.0001). Least squares means of days
to bud are listed in Table 2. Neither population (P = 0.5487) nor the interaction of
population and chamber (P = 0.1378) had a significant effect on the number of days
between transplant and budding. The 10h cold chamber had the longest delay in
initiating flower production (~70 days), while the 14h warm chamber had the shortest
delay (~26 days). The chambers that had 10h warm and 14h cold conditions had nearly
the same delay to flower initiation (~47 days), and where intermediate with respect to
the 10h cold and 14h warm chambers.

Once individuals transitioned to flowering, we could determine flower type, and
ultimately, test the impact of chamber conditions on proportion of chasmogamous
flowers. The initial analysis on the flower type data was done as a full factorial design,

and included the parameters: day length (as a fixed effect), temperature (as a fixed
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effect), population of origin (as a random effect), and the interactions between them
(population by day length, population by temperature, and population by day length by
temperature). The analysis was done in JMP v.13 using a REML mixed model with
standard least squares means personality (summary of fit, R? = 0.895014). This analysis
showed a significant effect of day length on proportion of flowers that were
chasmogamous (P <0.0010), but temperature alone did not have a significant effect (P =
0.6727). Proportion of flowers that were chasmogamous did not differ significantly
among populations in these treatments, though Millville and Franz Valley did have
slightly higher averages in the 14h chambers compared to the other populations, they
were still considerably lower than the proportions measured in the 10h chambers for
those populations. All populations were consistent with the regard to the overall trend:
shorter days induce chasmogamous flowers, while longer days reduce the propensity to
make chasmogamous flowers.

From previous work in Arabidopsis (as reviewed in Song, Ito, and Imaizumi
2013) we know day length and temperature together, are both important regulators of
flowering and can interact in the same gene regulatory network. In this experiment,
temperature fluctuated with the light regime, chambers that have 10 hours of day light,
also have 10 hours of the ‘day” temperature (15.5°C or 24°C). The chamber that had 10h
at 15.5°C, is not quite the same temperature treatment as the chamber that had 14h at

15.5°C, we are cautious to use a factorial analysis in this study. To verify the statistical
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results described above, we used a second REML mixed model with standard least
squares personality to test how chamber (the combination of day length and
temperature, fixed effect), population of origin (random effect), and the interaction
between the two, affected the proportion of chasmogamous flowers produced. This
analysis indicated a significant effect of chamber on proportion of flowers that were
chasmogamous (R? = 0.895443, P <0.0001). Population alone did not have a significant
effect on chasmogamous flower development (P = 0.5561), however the interaction of
population with chamber did have a significant effect (P = 0.0339), which seems to be
driven by Franz Valley and Millville in the 14h chambers (Figure 4). Franz Valley and
Millville have noticeably different average reactions to 14 h day lengths, dependent on
which temperature condition they are experiencing. Least squares means for proportion
of chasmogamous flowers are in Table 2. These results mirror those of the factorial
analysis, though this analysis does not allow us to separate the effects of day length and
temperature. The graphed raw data give us an indication that longer day lengths reduce
the proportion of chasmogamous flowers, while temperature seems to have a smaller
(non-significant) effect. Each population has a slightly different response, on average, to

the chamber conditions.
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Table 2: Chamber Conditions and Least Squares Means With Standard Errors

Conditions Days to bud (Least Chasmogamous
Squares Means) Proportion (Least
Squares Means)
Chamber one 10h day at 15.5°C  70.50 (std. error 3.5) 1.00 (std. error 0.0799)
Chamber two  14h day at 24°C ~ 25.78 (std. error 3.16)  0.19 (std. error 0.0775)
Chamber three 10h day at 24°C ~ 46.32 (std. error 3.32)  0.969 (std. error 0.0778)
Chamber four  14h day at 15.5°C  47.58 (std. error 3.28)  0.227 (std. error 0.0782)
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Figure 4: Day Length and Temperature Affect Proportion of Chasmogamous Flowers



Figure 4 shows the effects of varying chamber conditions (day length
and temperature) on the proportion of chasmogamous flowers produced.
Graphed points represent proportion of flowers that were chasmogamous for
each individual that flowered. Gray dots with error bars represent chamber
population means with standard errors. The mean listed below the chamber
title, is the overall mean proportion of chasmogamous flowers in that chamber.
More chasmogamous flowers are produced under 10 hour days, individuals
make more cleistogamous flowers under 14 hour days.

2.3.4 Proportion of Chasmogamous Flower Production is Influenced by Day
Length When Temperature is Held Constant

Though the first growth chamber experiment was not a full factorial design, the
graph (Figure 4) suggests that day length has a stronger effect on proportion of
chasmogamous flowers than temperature does. This led us to test the effect of day
length and population of origin on the proportion of chasmogamous flowers that
individuals produced while temperature was held constant (Figure 5). The REML mixed
model for this test included the parameters: day length (fixed effect), population of
origin (random effect), and the interaction between the two. The R2 for the model was
0.403272, where day length had a significant effect on the proportion of chasmogamous
flowers P = 0.0265. Least squares means: 12-Hour — 0.7189 (std. error 0.118), 14-Hour -
0.4130 (std. error 0.108), 16-Hour — 0.2269 (std. error 0.107). As we saw for the first
growth chamber experiment, longer day lengths reduced the proportion of

chasmogamous flowers produced, even when temperature is held constant. Neither
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population of origin (P = 0.4422) or the interaction (P = 0.2848) significantly affected the

proportion of flowers that were chasmogamous.
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Figure 5: Daylength Affects Proportion of Chasmogamous Flowers (Under Constant Temperature)



Figure 5 shows the effects of 12-, 14-, or 16-hour day length on the proportion
of chasmogamous flowers produced. Each graphed point represents the proportion of
flowers that were chasmogamous for each individual that flowered. Gray dots with
error bars represent the mean for that population in that chamber with standard
errors. Below the title of each chamber is the overall mean proportion of
chasmogamous flowers for that chamber. Chasmogamous flowers are produced under
12 hour days, while 14- and 16-hour days induce more cleistogamous flower
development.

2.4 Discussion

All greenhouse and growth chamber experimental results agree that M. douglasii
is a true dimorphic cleistogamous species as previously described (Howell 1942; Hesse
1957; Thompson 2005). Each individual plant is capable of producing chasmogamous
and cleistogamous flowers, sometimes both at the same time, regardless of population of
origin. Chasmogamous and cleistogamous flowers are phenotypically distinct in ways
that facilitate mixed mating (Figure 2: A, Figure 3). This is primarily achieved
through divergent developmental trajectories. While chasmogamous and
cleistogamous flowers initiate with similar developmental trajectories, there are
notable differences in petal, stamen and pistil morphology at anthesis.

Cleistogamous flowers can have arrested lateral stamen development, while
ventral (abaxial) stamen development proceeds normally, though all stamen filaments
are shortened. Cleistogamous flowers also have an extremely shortened pistil, which
matches the length and position of the stamens, facilitating autonomous autogamy

(Figure 3: B). Additionally, cleistogamous flower petals have very little pigment, are
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highly reduced in size and never open or extend beyond the calyx, remaining
enwrapped on the stamen and stigma ensuring autonomous autogamy through direct
contact between the two reproductive organs. Chasmogamous flowers are often longer
than the entire plant is tall, and are brightly colored and fragrant. M. douglasii’s
chasmogamous flowers are 3.5-6cm long from base to petal tip, while the vegetative
structure of the plant is usually <3cm tall. The impressive floral display likely attracts
pollinators and may allow greater herkogamy, increasing the chance of receiving
outcrossed pollen and simultaneously reducing the amount of self-pollination.

Our initial greenhouse experiments suggest that M. douglasii uses environmental
cues to regulate flowering time and the transition from chasmogamous to cleistogamous
flower production. Day length has a strong influence on flower type development. For
the population accessions that we tested, we show that changing the number of daylight
hours alone is sufficient to alter flower type. Though the effects we observe are strong, it
is possible that the results we saw were due to unaccounted variations between
chambers or locations in the greenhouse. We cannot rule out these potential effects as
we only had one replicate for each chamber/set of conditions due to space constraints in
the Phytotron. Though we acknowledge the limits of our statistical inference, we
maintain that the effects we observed were real, given that the two growth chamber
studies were conducted in different chambers at different times of year, yet still showed

the same trend.
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The observed pattern of chasmogamous flower production averaged across
populations was 96-100% of censused flowers in the 10 hour chambers, and only 19-23%
of censused flowers in the 14 hour chambers. This matches our prediction for a spring
annual that has abundant resources early in the growing season and coordinates
chasmogamous flower production to available resources. The late winter and early
spring in the foothills of the Sierra Nevada and Costal mountains in California, where
M. douglasii is native, bring cool temperatures and moisture in the form of rainfall and
snow melt. It is during this time that death due to drought is least likely for these plants
that grow in thin, rocky, sandy, or clay soils. Making a large outcrossing flower is less
risky, and can be beneficial if outcrossed seeds mature before the onset of the summer
drought which is characteristic of the climate in California.

Later in the spring, when snow melt and rain water are less plentiful,
cleistogamous flowers could continue ripening self-pollinated seeds. We see this effect
under 14 — 16 hour days in the growth chamber; the proportion of flowers that are
chasmogamous decreases from 0.72 under 12 hour days to 0.22 under 16 hour days.
Differences in response to the environment could be due to local adaptation of breeding
system to myriad environmental factors that differ between sites including: elevation,
latitude, soil type, water availability, or a combination of factors. In this species, light
duration is clearly important, but we are unable to distinguish between light intensity

and duration in these experiments. We do not observe a clear north-south or elevational
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cline in responses that might be expected due to southerly sites experiencing summer
drought conditions earlier than more northerly sites, although we have too few samples
to make an accurate judgement of this. However, by integrating environmental
information into a threshold response, cleistogamous species like M. douglasii may be
able to match life history or breeding system transitions to local environmental
conditions (Schoen and Lloyd 1984; Mazer et al. 2010; Ivey and Carr 2012). Flowering is
a resource intensive process; therefore, the specific timing of floral morph development
is likely to be locally adapted to biotic and abiotic resource availability due to the direct
ties between environmental cues, flowering, and individual fitness (Clausen et al. 1940;

Hiesey et al. 1971; reviewed by Schluter 2000).
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3. Altered Gene Expression Patterns Lead to Divergent
Floral Forms in Mimulus douglasii

This work was done in collaboration with two co-

authors: Lena C. Hileman, and John H. Willis

3.1 Introduction

From human neurons, to toad intestines, water flea spines to leaf trichomes,
phenotypic plasticity is rampant across the tree of life (Holeski et al. 2010; Moczek et al.
2011; Briggs et al. 2015). When one genotype is capable of producing different
phenotypes under the influence of environmental cues it is called phenotypic plasticity,
and plasticity is so incredibly common precisely because environments vary (Whitman
& Agrawal 2009). Environmental variation at the scale of patches, days, seasons, or years
including variation in diet, temperature, day length, moisture, stressors, or
parasites/predators can influence the developmental trajectory of an organism (Dorken
& Barrett 2004; Minter & Lord 1983; Nijhout 2003; Moczek et al. 2011; Vellichirammal et
al. 2016). Phenotypic plasticity is a within-generation process which does not require
changes to the genetic code, and therefore represents rapid response to environmental
variation (Mayr 1963; Whitman & Agrawal 2009).

Phenotypic plasticity is often described in terms of reactions norms (single traits
measured across two or more environments). The allometry of plastic traits is often

portrayed as a continuous distribution (beetle horn length), as an S-curve (body length),

36



or as discontinuous (body shape in bee castes) (as reviewed in Whitman and Agrawal
2009). Plasticity can be continuous across an environmental variable but interestingly, in
the case of a trait distribution that is discontinuous, there often appears to be a switch or
threshold that moves an organism from one developmental trajectory to an alternative
trajectory. When a trait’s distribution is discontinuous, it is often termed a polyphenism
(Mayr 1963). Examples of polyphenism include larvae vs. adult insects, environment
dependent sex determination in many animals, (sexual) winged vs. (clonal) wingless
aphids, predator induced armor in Daphnia, and cleistogamous vs. chasmogamous
flowers (Culley & Klooster 2007; Petrusek et al. 2009; Moczek et al. 2011; Vellichirammal
et al. 2016).

Plants are particularly suited to the study of phenotypic plasticity and
polyphenism as they are sessile and rooted into their local environment. Plant
development is influenced directly or indirectly by environmental cues. Temperature
and moisture availability are key factors in germination (reviewed in Baskin and Baskin
1998). Day length, light intensity, temperature, and nutrient cues are vital in regulating
plant growth and transition to flowering (Donohue 2005). There are some striking
examples of phenotypic plasticity in resource allocation to male or female flowers in
monecious species in response to environmental cues or internal hormonal signaling
(Dorken and Barrett 2003; Dorken and Barrett 2004; Berjano et al. 2014; reviewed in

Golenberg and West 2013). Another environmentally cued breeding system
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polyphenism, cleistogamy, is common across many flowering plant lineages, it has
evolved multiple times independently, and occurs in 693 species within 50 families
(Culley & Klooster 2007).

Cleistogamy has historically interested botanists, at least since Darwin (Darwin
1862, 1876, 1877). In a true cleistogamous species (sensu Lord 1981) a single individual is
capable of making two distinct flower types: chasmogamous (CH) flowers are large,
often pigmented, and open for outcrossing, while cleistogamous (CL) flowers are often
tiny, pale or opaque, where petals remain closed and exclude outcrossed pollen. Some
cleistogamous species transition between CH and CL flower production based on
seasonal cues, light quantity or quality, biomass, or resource availability. (Waller 1980;
Lord 1982; Schmitt et al. 1987; Steets et al. 2006; Winn and Moriuchi 2009; Stojanova et al.
2014). Other research indicates that several plant hormone pathways may be involved in
the production of CL flowers (Lord 1980; Raghuvanshi et al. 1981; Minter and Lord
1983). This is not surprising, as hormones are able to take external environmental cues
and translate them into gene expression differences. Examples of hormonal induction of
CH and CL flowers come from studies done in the 1980’s that analyzed the effects of the
hormones Gibberellin and Abscisic acid on floral morph development in the
cleistogamous species Lamium amplexicaule, Ruellia tweediana X Ruellia tuberosa hybrid

and Collomia grandiflora (Lord 1980; Raghuvanshi et al. 1981; Minter & Lord 1983).
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Until recently, most studies focused on the costs, benefits, and the expression of
cleistogamy (Culley & Klooster 2007; Darwin 1877; Goebel 1904; Goebel 1905; Ritzerow
1908; Waller 1980; Lord 1981; Schoen & Lloyd 1984; Schmitt et al. 1987; Winn &
Moriuchi, 2009; Stojanova et al. 2016). Technological advancements have allowed
researchers to begin to investigate the molecular mechanisms that influence cleistogamy.
For example, rice mutants superwomanl-cleistogamy (spwi-cls), lodiculeless spikelet(t) (1d(t)),
and unnamed chromosome 7 cleistogamy mutant (cl7(t)), barley mutant cleistogamy1
(cly1), and Brassica napus mutant Bn-cIg1A-1D all lead to aberrant flower development
reminiscent of naturally occurring cleistogamous flowers (Maeng et al. 2006; Yoshida et
al. 2007; Lu et al. 2012; Ohmori et al. 2012; N et al. 2014).

However, few genetic studies have been carried out in species in which
cleistogamy occurs naturally (Luo et al. 2016). While random or induced mutations can
cause closed (cleistogamous-like) flowers, determining the genetic basis of naturally
occurring cleistogamy requires crosses between cleistogamous species or genotypes and
non-cleistogamous species or genotypes for genetic (e.g. QTL) dissection. To our
knowledge this has not been done, cleistogamous mutant studies have provided some
insight into the developmental pathways that can lead to altered floral forms, but
without knowing the gene regulatory networks that allow for both chasmogamous and
cleistogamous flowers to be produced on a single individual, we are lacking critical

knowledge of cleistogamous flower developmental systems.
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Gene expression patterns, in early-stages of flower development, likely differ
depending on the ultimate flower type. Chasmogamous flowers are often much larger
than cleistogamous flowers, suggesting that genes regulating cell proliferation and/or
cell expansion are likely differentially regulated. Genes controlling pigment production
or accumulation and genes regulating nectary development are likely to upregulated in
CH flowers, though these genes may not be expressed until late in CH flower
development. Genes that regulate floral patterning including: organ identity (ABC-class
MADS-box genes; Irish 2017), flower symmetry (CYCLOIDEA-like genes; Hileman and
Cubas 2009), or gamete production (e.g., pollen differentiation; Alvarez-Buylla et al.
2010) may have altered expression in CL flowers, as CL flowers often have reduced
numbers of petals and/or stamens, or organs with modified shape. Cly1 in Barley is an
example of an A-class floral organ identity gene that when downregulated, as a result of
micro-RNA miR172 upregulation, causes reduced lodicule growth resulting in
cleistogamous florets (Nair et al. 2010; Wang et al. 2015).

Luo et al. (2016) are one of the first research groups to publish on the gene
regulatory networks controlling naturally occurring cleistogamy. They describe a three-
module model for understanding the major differences in gene expression that lead to
the alternate flower types in Pseudostellaria heterophylla (Caryophyllaceae). The first
module ‘CO-FT” includes the genes CONSTANS and FLOWERING LOCUS T which

integrate the plants own circadian clock with external environmental cues to initiate
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flowering. Differences in gene expression in this module alter expression of the next
module downstream, ‘STM-AP1’, beginning the induction of alternate developmental
pathways. This second module, ‘STM-AP1’, when activated, induces the apical or axial
meristems to become floral meristems, in P. heterophylla CH flowers develop from apical
meristems, while CL flowers develop from axial meristems. The differences in gene
expression based on bud location, in turn, induces the third module “ABCE” which
includes the floral organ identity genes which are required to turn a floral meristem into
a fully differentiated and developed flower.

Mimulus douglasii, Phrymaceae sect. Cleistanthus (Howell 1938; Howell 1942;
Nesom 2013), exhibits naturally occurring cleistogamy but has rarely been studied in the
lab. M. douglasii is a wildflower that is native to California and southern Oregon
(Thompson 2005; Jepson 2017) (Figure 6). Recent research on this species has begun to
uncover population-level variation in response to environmental cues for the production
of CL flowers (Barnett et al. in review, Chapter 2). M. douglasii generally develops CH
flowers early in the spring when moisture and pollinators are abundant. As day-length
increases into late Spring, individuals switch to development of closed, CL, flowers

(Dena Grossenbacher personal communication; Howell 1942; Thompson 2005).
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Figure 6: Chasmogamous vs. Cleistogamous Flowers in Mimulus douglasii

SEM microscope images of mid development CH flower with four fertile
anthers (panel A: LS, VS). SEM image of a CL flower, mid development with two
fertile anthers (panel B: VS) and two arrested filaments (panel B: LS), full size CH

(panel C: left) and CL (panel C: right) flowers at anthesis. LS — Lateral Stamens, ST -
Stigma, VS - Ventral Stamens.

This switch in floral morph may help individuals continue to produce seeds as
the summer drought, characteristic of central California, approaches. The different floral
morphs represent a tradeoff between reproductive assurance in the CL flowers and
opportunities for outcrossing in the CH flowers. Though some self-pollination can occur
in CH flowers, it is much less efficient than self-pollination in the CL flowers where the

petals hold the stamens and stigma in direct contact, completely excluding outcrossed

pollen (personal observation). Meanwhile, if pollinators or the resources needed to
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support a CH flower are not abundant, the energetic costs associated with making an
additional CH flower might be wasted and few if any seeds will be produced.

As describe above, genetic studies (e.g. QTL) leveraging crosses between
cleistogamous and closely related non-cleistogamous species or genotypes would be
fruitful for determining the genetic basis for this polyphenism, but are likely limited due
to strong pre- or post-zygotic crossing barriers between species. This is true for M.
douglasii. While it is possible to make F1 hybrids between M. douglasii and a closely
related non-cleistogamous species (Mimulus kelloggii), the F1s are entirely sterile
(including self-pollinations and back-crosses to both parent species; personal
observation).

However, utilizing an RNA-sequencing approach, we can explore how genetic
pathways are differentially regulated between M. douglasii CH and CL flower
development. Comparing the study system of Luo et al. (2016) to M. douglasii we can
make predictions about the genes we expect to have differential expression between CH
and CL flowers. The CO-FT module is predicted be involved if the environmental
response in M. douglasii is also mediated through the same branch of the flowering time
pathway. This is possible because M. douglasii day-length is known to mediate the
transition from CH to CL flower development (Barnett et al. in review, Chapter 2). The
STM-AP1 module is not predicted to be differentially expressed in M. douglasii as both

CH and CL flowers develop in axillary nodes; M. douglasii does not produce a terminal
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apical flower. The ABCE module is also not predicted to be differentially expressed in
M. douglasii as CH and CL flowers contain the same floral organs, only with extreme size
reduction in CL compared to CH flowers. Further, we hypothesize that genes involved
in cell proliferation and/or expansion and basic metabolism are likely to be differentially
expressed given the dramatic overall size differences between mature CH and CL
flowers (Figure 6: right panel).

Here we investigate the developmental timing of divergence between CH and
CL floral forms in M. douglasii. Understanding the developmental trajectories of CH and
CL flowers improves our ability to sample buds early in development to capture the
gene expression differences that ultimately lead to the final dimorphic floral forms.
Based on this staging, we employ an RNA-sequencing approach to identify differentially
expressed genes at a time-point before major developmental divergence between CH
and CL flowers. We find that the shift from cell proliferation in CH flowers to cell
expansion in CL flowers is largely orchestrated by differential expression of genes
involved in environmental response, cell cycle and metabolism pathways. Further, we
find that gene expression divergence in known floral patterning developmental
pathways is not critical for the developmental switch between CH and CL flowers in M.
douglasii. Our results are in-line with the observation that M. douglasii CL flowers are

highly reduced in size, but do not exhibit major alterations in floral patterning.
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3.2 Methods
3.2.1 Seed Collections

‘Millville” (MVL) population M. douglasii seeds were collected in 2012, from
Shasta County, CA (40.5213, -122.17923). ‘Indian Creek Camp’ (ICP) population M.
douglasii seeds were collected in 2012, from Monterey County, CA (36.11352, -121.45692)
(Table 1). Third generation, greenhouse grown, self-pollinated seeds were used in this
study.
3.2.2 Plant Materials for Scanning Election Microscopy

‘MVL’” and “ICP” population M. douglasii flower buds were collected from plants
grown in the Phytotron at Duke University. In order to collect both CH and CL buds
from plants grown in a common environment, plants were germinated and grown in a
controlled environmental growth chamber in the Duke Phytotron between July 18" 2016
and September 18th 2016 with the following settings: 14 hours of day light at 20°C, 10
hours of dark at 10°C, ambient levels of CO2and humidity. Plants were watered with a
50% dilute Hoagland’s solution in the morning, and reverse osmosis water in the
evening as needed to maintain saturated soil. Buds were collected at various
developmental stages from barely visible to nearly fully opened CH flowers. Flower
buds were fixed using a 2% glutaraldehyde solution in 0.1M Phosphate buffer. Fixed
buds were then taken through a dehydration series exchanging water for 100% Ethanol
(EtOH) as follows: 50% EtOH, 70% EtOH, 85% EtOH, 95% EtOH, 100% EtOH. The
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flower buds are held in 100% ethanol until they could undergo critical point drying
where the EtOH is exchanged for liquid CO:z under high pressure, which is subsequently
evaporated, leaving cell walls intact for viewing. Dried buds were attached to SEM
microscope stubs with adhesive carbon conductive disks, and dissected under a low
power light microscope to expose relevant internal structures. After dissection, tissue
was sputter coated with 15nm gold, and then loaded into the high-vacuum chamber of
the SEM. Images were captured and saved with the corresponding beam and
magnification information. SEM imaging was completed using an FEI XL30 ESEM with
Bruker XFlash 4010 EDS.
3.2.3 Plant Materials for RNA Extraction

‘MVL’ population M. douglasii flower buds were collected from plants grown in
the Duke University greenhouse between March 4%, 2015 and April 20, 2015. All seeds
were stratified on wet soil at 4°C for 10 days before being placed out in the greenhouse
for germination on March 4%, 2015. Seedlings were transplanted to individual pots in the
greenhouse by March 12, 2015, buds were visible at the first flowering node within the
next 23 days. Early development flower buds (between 1.5mm and 4.2mm, from pedicel
to calyx tip) at the second flowering node were collected into 1.5ml Eppendorf tubes and
immediately frozen in liquid nitrogen. Tissue was held at -80°C in RN Alater-ICE
(Ambion) before bud dissection.

3.2.4 Dissection and Sequencing
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Flower buds in RNAlater-ICE were dissected under a low power microscope, in
weigh-boats placed on dry ice, to assess putative CH/CL developmental status. RNA
was extracted from 6 single buds (three CH and three CL, Table 3) using Trizol reagent
(Invitrogen) and the Direct*zol RNA extraction kit (Zymo Research). RNA was
quantified using the Qubit RNA quantification protocol (Invitrogen).

Table 3: Flower Bud Sample Information

Measurements before dissection and flower type assessment after dissection, plant
node is the number of leaf nodes up from the cotyledons where the bud was

harvested.
Sample ID Flower Plant Calyx Length Petal Length
type Node
S2 CL 3rd 3.05 mm 1.02 mm
S3 CH 3rd 3.05 mm 1.02 mm
54 CH 4th 1.52 mm 0.76 mm
S5 CL 4t 1.65 mm 0.89 mm
S7 CH 3rd 4.19 mm 1.52 mm
S8 CL 4th 1.52 mm 0.64 mm

The Duke Center for Genomic and Computational Biology tested RNA quality
using an Agilent 2100 Bioanalyzer, each sample passed quality control steps and went
through mRNA enrichment and library creation (Kapa Stranded mRNA-Seq library
prep kit, lllumina TruSeq3 Adapters). All six libraries were sequenced in a single
[llumina HiSeq 4000 lane generating millions of 50bp single-end reads. To improve the

transcriptome assembly and increase read depth, the same 6 samples were used in a
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second round of library creation (Kapa) and 50bp single-end Illumina HiSeq 4000
sequencing.
3.2.5 Assembly

Trimmomatic (Bolger et al. 2014) was used to remove Illumina TruSeq3 adapters,
and leading low complexity bases from all raw reads. FastQC was used to assess pre-
and post-trim read quality(Andrews 2010). Trinity was then used to generate a de novo
transcriptome assembly using the following settings:
Path reinforcement distance: 25, inchworm (min kmer coverage): 1, chrysalis (max reads
per graph): 20000000, butterfly options: none, minimum contig length: 200, normalize
reads: False (Grabherr et al. 2013). We ran Quast on the transcriptome assembly before
and after the addition of the additional sequence data to assess overall quality and
improvements after the second round of sequencing was incorporated into the Trinity
assembly (Gurevich et al. 2013). Trimmomatic, Trinity, and Quast were all run on the
computing cluster public servers at usegalaxy.org (Afgan et al. 2016).
3.2.6 Differential Expression Assessment

Analysis of differential expression (DE) was completed using two parallel
pipelines. Pseudoalignment and quantification of read abundances was completed using
kallisto (Bray et al. 2016). Bias-aware quasi-mapping of reads with Salmon (Patro et al.
2017) also generated read abundances. Kallisto and Salmon used the Trinity generated

transcriptome assembly to create an index (transcriptome de Bruijn Graph), to which the
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trimmed reads for each individual were pseudoaligned or quasi-mapped and then
quantified. Both programs measured abundance of reads for each transcript, in the form
of transcripts per million (TPM) which is independent of mean transcript length. Kallisto
also ran 100 bootstrap replicates of the Expectation Maximization algorithm.
Additionally, Salmon performed fragment GC bias correction, and sequence-specific
bias correction. TPM output values from kallisto were analyzed in Sleuth (Pimentel et al.
2017) using a Wald test for differential expression. Data sets from kallisto and Salmon
were slightly modified by the R program tximport (Soneson et al. 2016) to make the data
readable by DESeq2 and EdgeR. TPM values from kallisto and Salmon, were analyzed in
DEseq?2 using the Wald test (Love et al. 2014) and in EdgeR using the likelihood ratio
test (McCarthy et al. 2012). Transcripts were considered differentially expressed if the g-
value/FDR-value was less than 0.2. The results of all these separate analyses were
compared to identify transcripts that were differentially expressed in at least two of the
three programs (Sleuth, DEseq2, EdgeR).

3.2.7 Functional Annotation

Once DE transcripts were identified from both the kallisto and Salmon data sets,
by at least two of the three analysis programs, their sequences were input into Blast2GO
(Gotz et al. 2008) and eggnog (Huerta-Cepas et al. 2016). Those DE transcripts were then
BLASTed against the NCBI eudicots database using BLAST2GO and the blastx

algorithm to find protein matches to the Arabidopsis protein database. Transcripts that
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had high quality blast hits to known proteins were then mapped and annotated with GO
terms. GO terms were then used to bin the differentially expressed genes into
hierarchical functional categories. Within each functional category, transcripts were
sorted by the direction/magnitude of the differential expression (e.g. higher expression

in CH flowers than CL flowers, or vice versa).

3.3 Results

3.3.1 Developmental Staging

Flower buds from early developmental stages revealed early arrest of lateral
stamen development (Stage 8, Figure 8), while ventral (abaxial) stamen development
proceeded normally. Though all four stamens initiate and elongate filaments (Stage 1-7,
Figure 7), in CL flower the lateral stamens often fail to develop anthers, pollen sacs, or
viable pollen. All CH flowers developed four fertile anthers. The reduction in lateral
stamen development was the indicator that we used when identifying CH and CL buds
for RNA sequencing. At stage 8 the anthers are well developed enough to distinguish
CH from CL flowers (Figure 8). Staging of M. douglasii flower development was based

on the Arabidopsis developmental landmarks as described in Alvarez-Buylla et al. 2010.
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Stage 3: differentiated sepals Stage 6: Petals, anthers, and Stage 7: Petals growing to
carpel differentiated enclose anthers and carpel

Figure 7: Early Development Mimulus douglasii Flower Buds

SEM images of early development flower buds indicating that both CH and
CL bud development proceeds along very similar trajectories until later in
development. Staging based on developmental landmarks.
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CH flower

Stage 13-14: Petals and stamens continue
elongation in CH flowers, CL flower stigma is
receptive to pollen flower growth ceases.

Stage 8: Anther locules develop, Stage 11: Stigmatic papillae
filaments begin elongating develop

CL flower

Figure 8: Differentiated CH and CL Flowers in Mimulus douglasii

These images demonstrate the differences in anther maturation and petal
allometry between later developmental stage CH and CL flower buds. In the far-right
panel are CH and CL flower images taken under a low power light microscope prior
to petal dissection to reveal differences in petal allometry and pigmentation. All buds
in SEM and light microscope images were fixed and dried as described in the
methods.

3.3.2 Sequencing

Both rounds of sequencing together, resulted in ~541.5 million 50bp reads (round
1: 201,278,949 reads, round 2: 340,200,787 reads) with an average Phred quality score of

39.38. FastQC showed high per-base quality across the length of all reads, and
Trimmomatic successfully removed adapters and barcode sequences. Trimming of reads

reduced average read length to 39bp, with high mean sequence quality, >40 Phred score.

52



3.3.3 Assembly

M. douglasii does not have a well assembled or annotated reference genome
against which a transcriptome can be assembled. Instead, Trinity assembled the
transcriptome de novo into 45,439 contigs, likely representing many transcript fragments
or isoforms of genes. Contig qualities are summarized here: Nso=1,291, N7=698,
Ls0=8,353, L7»=17,151. The total length of the transcriptome was 35,475,197bp.
3.3.4 Mapping Reads

kallisto and Salmon were used in parallel to identify which contig each read
mapped to. Though the programs are similar in that they are both fast and ‘lightweight’,
they use different mapping strategies and have different built-in bias corrections. On
average kallisto pesudoaligned 67.5% of processed reads to the index, while Salmon
quasi-mapped 92.5% of processed reads, on average. Salmon removed approximately
6,500,000(~7.4%) more reads from each sample during processing than kallisto did,
accounting for some, but not all, of the increase in percent of reads mapping.
3.3.5 Differential Expression

Sleuth, DESeq2 and edgeR all identified DE transcripts between CH and CL
flowers from the kallisto TPM data, DESeq2 and edgeR both identified DE transcripts
from the Salmon TPM data. However, there were clear differences between the
programs in the numbers of transcripts identified as significantly DE between the two
flower types (Table 4). When comparing the overlap in transcript identities that were
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recognized as DE by each program, they were largely similar, but there were also some
stark differences between the program’s outputs. Additionally, the g-values for single
transcripts also showed variance depending on which analysis program calculated
them. The differences in g-values were expected due to the different statistical methods
employed by each program (Wald vs. Likelihood Ratio). Due to the small sample size (3
CH and 3 CL flower buds) we were more lenient with the g-value cutoff when
considering a transcript differentially expressed. Within the set of 324 DE transcripts
identified through the kallisto pipeline (best 2 of 3: identified by Sleuth, DESeq2, or
edgeR), 136 transcripts were highly expressed in CL flowers compared to CH flowers,
while 188 transcripts were expressed highly in CH flowers compared to CL flowers
(Table 4). In the Salmon pipeline (best 2 of 2: identified by both DESeq2 and edgeR) 274
transcripts were found to be differentially expressed, however the distribution of GO
terms for those transcripts were highly similar to those from the kallisto pipeline. Since
the kallisto pipeline resulted in more significant DE transcripts, the rest of the discussion

will focus on those results.
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Table 4: Numbers of DE Transcripts

Comparison of the number of identified Differentially Expressed (DE)
transcripts from each program and the overlaps between sets.

Sleuth | DESeq2 | edgeR | Lenient: DE Stringent: DE
transcript overlap | transcript overlap
between programs | between programs

kallisto 319 840 90 71 (q <0.2, all three) 64 (q <0.05, all three)
324 (9<02,20f 3) 114 (4<0.05,2 of 3)
Salmon N/A 571 169 | 157 (3<0.2) 87 (4<0.05)
kallisto and Salmon, DESeq2: 274 (3<0.2) 173 (4<0.05)
kallisto and Salmon, DESeq2 and edgeR: | 92 (4<0.16) 51 (g <0.05)

3.3.6 Annotation

Using the DE transcripts from the kallisto (best 2 of 3) dataset, Blast2GO was able
to find protein sequence matches for 308 of the 324 DE transcripts (Table 4). All of those
308 blastx matches were annotated with one or more GO terms. The remaining 16 DE
transcripts have blast hits to closely related Mimulus guttatus or other plant species’
nucleotide sequences that did not include annotated protein functions or GO terms.
Blast2GO found protein matches for 138 of the 157 DE transcripts from the Salmon data
set. Of those, 130 transcripts were annotated with one or more GO terms. The remaining
27 DE transcripts had BLAST hits to M. guttatus or other plant species nucleotide
sequences, but were not annotated with GO terms. Once DE transcripts were annotated
with GO terms, we binned the transcripts by GO category and annotated each transcript

with the direction of differential expression.
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Figure 9, Figure 10, and Figure 11: Blast2GO annotated DE transcripts from the
kallisto (best two of three) with GO terms that fall into three broad categories:
Biological Processes, Molecular Function, and Cellular Component. The yellow bar in
each graph represents the top level (1) of the GO hierarchy, the bar represents the
ratio of all transcripts that were classed in that category. The height of the bar is the
ratio of number of differentially expressed transcripts in that category that were
expressed at a higher level in CH flowers (compared to the same transcript’s
expression level in CL flowers) divided by the total number of transcripts in that
category. (Ratio = (# of DE transcripts that are higher in CH/ total # of DE transcripts
in the category)). For each lower level (2-6) GO category (blue, green and pink bars),
the bar height represents the ratio calculation for that subcategory alone. The light
pink, and light green bars represent ratio calculations that are at least one standard
deviation from the overall group average (yellow bar). Dark pink and dark green bars
are at least two standard deviations from the overall group average. Light and dark
pink represent categories that show significant skew toward DE transcripts that are
more highly expressed in CH flowers, while light and dark green bars represent
categories that show significant skew toward DE transcripts that are more highly
expressed in CL flowers.
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Figure 9: DE Transcript Bias per GO Category (Biological Processes)



89

Ratio of DE transcripts higher in CH to total

Transcript Expression Bias Per GO Category (Molecular Function)

08

0.7

0.6

0.

U

0.

0.

0.

0.

S = R W
+ I
%

2 . A . \ -0
& & & &
7 L ¥ ¥ e
o i o & 4
W ] Ry o s
A ke b
W& ) o o o3 &
& & &
Gl S @ & ¥ &
& & & &
o
@"
&

o %o
ST
*c‘:‘\ Ol o ol o &
s g & . ko
o F & &
o L& o D L%
N R ol &
& & N
R ] &
P &
& o
1’.}
(}nz?
&

Figure 10: DE Transcript Bias per GO Category (Molecular Function)



69

Ratio of DE transcripts higher in CH to total

o [ fa [¥8] S ]
% I

Transcript Expression Bais Per GO Category (Cellular Component)

&

N %é.

0.8

0.7

o g N & L&D W
=) N A K > ) N (4 ) [# O
& & N R T - S @Q'b & 2 NP AR S S S SRS
S R & & & & & £ (\‘Qo &£ SV R A
» & N & a € G © & 2 S >
& & AR GO, K & V& RS S
.i_d:b c.JQ Q’(Q \@G; 6} (:Q' \\\} & (Ja\ \)(\
& R bo@ & <@ Q}OO Y
& & &S N
& & PO
& & ®
i (22 e
2 & ‘6‘
2
Q}\&
(8,
2
S
&

Figure 11: DE Transcript Bias per GO Category (Cellular Component)

£ @ W& @ @ © &
Q”b{\b\e}\é\e}\z‘)&oﬁo

O



3.4 Discussion

3.4.1 Developmental Staging

The cleistogamous flowers in M. douglasii differ dramatically in size and
pigmentation compared to the chasmogamous flowers. All four floral organ types
(sepals, petals, stamens, carpels) are present in both floral forms. The dimensions and
morphology of the petals and stamens account for the majority of the phenotypic
difference between the CH and CL flowers. The sepals and carpels do not differ
significantly between the floral morphs. Early arrest or reduced development of lateral
stamens can be used as an early indicator for cleistogamous flowers (Figure 8).

3.4.2 Cell Proliferation and Expansion

We have identified hundreds of genes that are potentially regulating the
development of cleistogamous floral polyphenism in M. douglasii. There are many
differentially expressed genes that may be directly or indirectly responsible for the final
phenotypic differences seen between CH and CL flowers. While the phenotypic
differences appear quite stark, they are likely the result of subtle shifts in the expression
of genes regulating: cell proliferation and/or cell expansion primarily in the petals and
stamens, as well as genes regulating metabolism, cell communication, or response to the
environment. Sepals and carpels exhibit little developmental divergence between CH
and CL flowers, we do not expect to see the same large-scale differences in gene

expression of the ABCE module that Luo et al. (2016) saw. The response to internal and
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external environment GO term bias that we observed in CL flowers parallels the Luo et
al. (2016) CO-FT module, where plants are sensing an environmental cue and using
internal signaling to alter which floral morph develops. Finally, there is no evidence in
this data set that the STM-AP1 module is responsible for CH or CL development. In fact,
all buds used for this experiment were harvested from the 3+ or 4" axillary (mainstem)
node, so node type should not be a factor.

The shift in overall flower size is the largest phenotypic difference in the final
floral forms, and this size difference is strongly reflected in the types of GO terms from
DE transcripts that we seen in M. douglasii CH or CL flowers (Figure 9, Figure 10, Figure
11). Our GO annotation analysis of DE transcripts from the kallisto (best 2 of 3) data set
resulted in a number of transcripts within “biological processes” (Level 1 GO) that were
identified as being involved in different kinds of metabolism. On average within
Biological Processes, ~53% of the DE transcripts in this category are expressed at higher
levels in CH flowers while the other ~47% are expressed at higher levels in CL flowers.
In Figure 9 it is clear that there are some subcategories of Biological Processes that do not
show a strong bias in which flower type they are expressed most highly in (blue and
yellow bars). The subcategories that show bias are color coded: pink for bias toward
higher expression in CH flowers, green for bias toward higher expression in CL flowers.
For example, the metabolism of DNA and other nitrogen containing compounds have an

excess of DE transcripts that have higher expression in CH flowers, Figure 9 (pink bars).
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The same skew is seen in Figure 11 (pink bars), where transcripts associated with
cytosol, plastids, mitochondrion, and to a lesser extent the nucleus have an excess of
transcripts that are expressed at higher levels in CH flowers. Both of these lines of
evidence point to CH flowers expressing genes that promote cell proliferation. In the CH
flowers, up-regulation of transcripts associated with plastids and mitochondria indicate
that the higher rate of cell proliferation that requires replication of the genome, proteins,
plastids, and organelles as well as increased output energy needed to support rapid cell
division.

The strong excess of DE transcripts involved in carbohydrate metabolic processes
in CL flowers could indicate resource storage in vacuoles or partitioning into gametes,
Figure 11 (green bars) (Marty 1999; Jiang et al. 2001). The shift from protein and DNA
synthesis in CH flowers to carbohydrate metabolism in CL flowers may reflect the
reduced investment in pollen development in CL flowers, due to CL flowers having half
the number of anthers. Instead of investing in pollen, CL flowers partition carbohydrates
into the developing ovules. However, without functional characterization of these
transcripts, it is not possible to know whether the genes that are highly expressed are
also promoting or repressing the cell cycle or other metabolic pathways. At this stage,
the evidence from these analyses support our hypothesis: CH flowers develop large

petals due to an increase in cell proliferation within petal tissue, while CL flowers

62



reduce cell proliferation in favor of expansion of cells, in response to environmental
cues.

Within the “cellular component” GO hierarchy, CL flowers have an excess of DE
transcripts related to the vacuole and extracellular region, while CH flowers have an
excess of DE transcripts related to cytosol, plastid, and mitochondrion. In CL flowers the
up-regulation of transcripts related to the vacuole could aid in the support of expanding
plant cells, the vacuole also serves as a reservoir for carbohydrates for developing ovules
(Marty 1999; Jiang et al. 2001). The “cell wall” associated GO terms that are slightly
skewed toward higher in CL, along with the vacuole associated transcripts together,
point to cell expansion. This evidence supports the hypothesis that CL flowers shift petal
and stamen development to resource partitioning and cell expansion early in bud
development. This early shift away from rapid cell proliferation in the CL flowers likely
contributes to the highly reduced size of the CL flowers.

3.4.3 Environmental Regulation of Floral Morph

The flower buds used for differential expression analyses were developed
enough to have visible phenotypic differences under the dissecting microscope. Within
the RNA-seq data set we were able to identify several internal and external
environmental response GO annotated transcripts that were differentially expressed,
(light green bars in Figure 9). This is intriguing and may be connected to the hormonal

control of cleistogamy that Lord (1980) and Minter and Lord (1983) described. These cell
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communication and environmental response GO annotated transcripts were particularly
abundant in CL flowers, perhaps maintaining or reinforcing the repression of cell
proliferation that is characteristic of the miniscule CL flowers at anthesis. Work by
Ashley Troth (unpublished) indicated that mixed gibberellic acids, when applied to M.
douglasii flowering meristems, were able to induce plants making only CL flowers to
make flowers more CH-like in form, a strikingly similar result to earlier published
results (Lord 1980; Minter and Lord 1983). In our studies, we observe M. douglasii will
make CH flowers first, at lower flowering nodes, then will transition to making CL
flowers at later flowering nodes. Generally, individuals do not switch back to making
CH flowers before senescence. Mobile hormone signaling may be part of the initial
induction of CL flower production, as individuals sense seasonal changes in their
external environment. Additionally, this hormone signaling may also maintain the
production and development of CL flowers after they have been induced. In this data set
we saw an enrichment of transcripts annotated with GO terms in the category of
response to internal or external environment associated with the DE transcripts that
were expressed at higher levels in CL flowers.

Compared to the results described by Luo et al. 2016, the genetic mechanisms
that lead to CH/CL flower development in M. douglasii differ. In M. douglasii we see
shifts from cell proliferation to cell expansion and environmental response. In this data,

we see that cellular and metabolic process take precedence over patterning shifts. Our
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data point toward interesting insights about energy storage and partitioning within the
developing CL flower buds. Novel insights from this work could lead to future

dissection of the genetic basis of plasticity and polyphenism in M. douglasii as well as in
other species. In combination with the QTL mapping results described in Chapter 3, we
are beginning to elucidate the pathway from environmental switch, threshold response,
and differential gene expression, all of which sum to produce the ultimate and dramatic

phenotypic differences observed between CH and CL flowers.
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4. Between-Population Variations in Threshold
Response to Environmental Cues

This work was done in collaboration with two co-authors: Carolyn A. Wessinger

and John H. Willis.

4.1 Introduction

When the distribution of a species is wide ranging and encompasses different
environmental conditions such as: seasonal temperature, elevation, rainfall, predator or
pollinator variation there may be different selective forces acting on different
populations leading to local adaptation (Clausen et al. 1941). It is of particular interest if
the locally adapted trait is also plastic it its response to the environment (Bradshaw 1965;
Donohue et al. 2000; Moczek et al. 2011 and others). In plants, the timing of onset of
flowering is tied to environmental cues and allows for coordination of flowering within
a population, and proper timing is essential for seed set (fitness) and thus likely to be
locally adapted (Hall and Willis 2006)

Plastic traits often have a genetic basis that could be detected with methods such
as QTL mapping, but only if hybrids can be formed between populations or inbred lines
(Holeski et al. 2010; El-Soda et al. 2014). Here we investigate a special form of
phenotypic plasticity called a polyphenism, where the trait of interest has a

discontinuous allometry (Mayr 1963; Whitman & Agrawal 2009; Moczek et al. 2011).
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Cleistogamy is a floral polyphenism that occurs in nearly 700 angiosperm species
(Culley and Klooster 2007). True cleistogamy can have a threshold response to the
environment, where under certain conditions individuals tend to make closed (self-
pollinating) cleistogamous flowers, while under a different set of conditions, individuals
tend to make open (outcrossing) chasmogamous flowers (Lord 1980). Depending on
which conditions are favorable for outcrossing in a specific location, populations may
become locally adapted in their responses to environmental cues. Responding
incorrectly to an environmental cue, for example: by making a chasmogamous flower
when pollinators are not abundant, can have disastrous consequences for fitness (Gara &
Muenchow 1990; Munguia-Rosas 2015).

Since local adaptation can shift the threshold of environmental response, we can
leverage the difference in thresholds between populations to genetically map the
threshold response loci using tools such as QTL mapping or GWAS. Previous studies in
an emerging cleistogamous model system, Mimulus douglasii (Phrymaceae sect.
Cleistanthus) (Howell 1938; Howell 1942; Nesom 2013), have demonstrated between-
population differences in threshold response to the environment (Barnett et al. in review,
Chapter 2). Populations differ in the number of day hours that are needed to shift from
chasmogamous to cleistogamous flower development (Barnett et al. in review, Chapter
2). Between-population crosses produce viable and fertile F1 and F2 hybrids. One

particular cross, between ‘"MVL’, a northern-California population collection, and ‘ICP’,
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the southern-California population collection, will be the focus of this QTL mapping
study, to uncover the loci that correlate with the shift in threshold response. Preliminary
results indicate a single locus of large effect is responsible for the between population

difference in threshold response in the MVL X ICP cross.

4.2 Methods

4.2.1 Study Species and Seed Collection

Mimulus douglasii, purple mouse ears (Benth., A. Gray) Phrymaceae sect.
Cleistanthus (Howell 1938; Howell 1942; Nesom 2013) is a small herbaceous annual
species native to central and northern California, and southern Oregon, USA. M.
douglasii has a high affinity for serpentine soil, and grows readily in thin, rocky, or sandy
soils (Safford et al. 2005). In April, 2012, we collected seeds from seven different
geographically isolated populations that span much of the native range of M. douglasii
(Table 1, Figure 2: right panel). In the wild M. douglasii typically flower between
February and April, we arrived at the end of the flowering season to find flowering
plants that had finished ripening some seeds (CalFlora, 2017). We were able to collect
two to five fruits per individual, and each fruit contained approximately 40 seeds.

‘Millville” (MVL) population M. douglasii seeds were collected in 2012, from
Shasta County, CA (40.5213, -122.17923). ‘Indian Creek Camp’ (ICP) population M.
douglasii seeds were collected in 2012, from Monterey County, CA (36.11352, -121.45692).

Third generation, greenhouse grown, self-pollinated seeds from CL flowers were used in
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this study. F1 hybrids between these two populations were the result of reciprocal cross-
pollination, between a single individual’s CH flower from each population. F1 seeds
were allowed to fully mature before collection. Only seeds from CL flowers on F1

individuals were collected to ensure 100% self-pollination without cross-contamination.

4.2.2 Plant Materials for QTL Mapping

Seeds were sown on wet soil and held at 4°C to stratify for seven days before
being placed out in the greenhouse at Duke for germination. Once germinated, each
seedling was transplanted into an individual 2.5in square pot as the first true leaf pair
expanded. Each plant was given a unique ID number on a plastic tag.

Individuals from each parent population (n=~50-100) were randomly intermixed
across one flood bench in the greenhouse, along with seven hundred F2 hybrids
individuals from the MVL5 X ICP6 F1 hybrid cross, 874 total plants were grown. F2
seeds from several F1 individuals were used, all F1s were full sibs from the same fruit
and cross. Once a week during the experimental period, flats of 32 plants were pseudo-
randomized within one greenhouse bench. As CH flowers began to emerge from the
calyx, the date of first visible flower bud, and first fully open CH flower date were
recorded on the tag, as well as the node position on the plant where that flower was
made.

Once the first flowers reached anthesis, we collected upper node flower buds and

leaf tissue in triplicate. All phenotypic data was recorded at the time of tissue collection.
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All individuals in the experiment were photographed, from the top and front, so the
written phenotype descriptions on each plant tag, and in the data record, could be
correlated with a picture of plant that was described. Phenotypic data included: number
of main stem flowers, and for those that made CH flowers, how many of which type of
flower were made, fully open CH flower date and which node the CH flower occurred
on, and first and second internode length. Internode length was measured on the main
stem between the first and second pairs of true leaves, and between the second and third
pairs of true leaves to have a quantitative measure of the plant height variability. All

collected tissue was held at -80°C in preparation for DNA extraction.

4.2.3 DNA Extraction

Tissue was initially pulverized in a Genogrinder using two steel balls per tissue
tube. A modified CTAB DNA extraction protocol was used to extract large quantities of
high quality DNA from each sample. DNA was quantified for each sample with Quant-
iT PicoGreen (Invitrogen) and a FLX800 (BioTek) microplate reader. Samples that were
high enough quantity were used in RAD-seq library creation using Csp6I restriction
enzyme digestion and barcoded adapters, 7.5 libraries of 48 individuals were
multiplexed using 8 different TruSeq indexed primers and then checked for quality on
an Agilent 2100 Bioanalyzer by the Duke Sequencing Core Facility. Once libraries passed
QC, they were sequenced in two Illumina 4000 lanes, which resulted in millions of 150bp

paired-end reads.
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4.2.4 Stacks Read Mapping and SNP calling

This step was completed by Carolyn Wessinger using software installed on the

University of Kansas computing cluster.

4.3 Results
4.3.1 Plant Phenotypes for QTL Mapping

The parent populations of the F1/F2 hybrid cross were grown interspersed with
the F2 hybrids in this study to compare mean phenotypes of the hybrids with each of the
parental means. When choosing the subset of individuals to use for library construction
and sequencing, we made sure to keep the ratio of CH to CL individuals the same in the
subset sample as in the phenotyped population. ‘"MVL’ parents are the high-threshold
population in this study, even so 29.23% of the 65 individuals that were phenotyped
never made a CH flower through the course of the experiment (Table 5). The ‘ICP’
parents are the low-threshold population, 99.12% of the 114 individuals never made a
single CH flower. Within the F2s 26.91% of individuals made at least one CH flower,
and 73.09% only made CL flowers. The mean number of mainstem flowers indicates that
at the time of census, the plants were all roughly the same size, and all individuals had
ample opportunity to make a CH flower.

Table 5: QTL Mapping Phenotypes

# of individuals | # of individuals Mean # of Number of
making at least | making only CL | mainstem censused
1 CH flower flowers flowers individuals
MVL parent 46 19 9.71+2.83 65
ICP parent 1 113 10.91 +2.88 114
F2 hybrid 187 508 11.56 +3.14 695
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4.3.2 Sequencing

Two lanes of Illumina sequencing resulted in a total of 434,739,167 150bp paired
end reads with an average Phred quality score of 37.37. F2 individuals (n=328), MVL
parent (n=20), and ICP parent (n=20) individuals were sequenced in these libraries, each
individually barcoded and indexed. To prepare the reads for further analysis, reads
were demultiplexed using the unique combination of index and barcode to identify each
individual in the sequenced sample. Reads were trimmed for quality and to remove

adaptor and index sequences from the reads.

4.3.3 Stacks Mapping and SNP Calling

Cleaned reads were input into Stacks (Catchen et al. 2011, Catchen et al. 2013) for
mapping and SNP calling. The mean read depth per individual per site was 18, while
the median read depth per individual per site was 10. We only considered sites that had
a read depth of 20 reads for a given locus per individual, though not every individual
had this many reads at all SNPs. We required each output SNP locus to be present in at
least half the F2 hybrids. After all the SMP filtering steps, 1475 loci were found that were
also fixed SNP differences between the two parent populations. Those 1475 loci were

then filtered to remove any individual typed in less than 200 markers, 12 individuals

were removed, and then we removed markers with significant (P<10°8) segregation

distortion.
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4.4 Discussion

The rough analysis in rQTL demonstrated that our lack of a high-quality
reference genome makes it very difficult for programs like rQTL to develop a linkage
map when there are genotypes missing from many individuals. In addition to Random
Forest imputation of missing genotypes we are collaborating with the Streisfeld lab at
the University of Oregon to improve our reference genome using their Mimulus
aurantiacus genome as a scaffold for stitching the M. douglasii genome contigs together to
make longer contiguous genome sections. After imputation and/or improving our
reference genome we are confident we will be able to map the locus or loci responsible
for the shift in threshold response to the environment that exists between these two
populations of M. douglasii. It will be interesting to see if the same locus/loci differ in
other M. douglasii population pairs that also differ in their threshold responses.

Within the F2s, 26.91% of individuals made at least one CH flower, and 73.09%
only made CL flowers. This is surprisingly close to the 1:3 ratio that would be expected
if the difference in threshold is controlled by a single recessive locus, where high-
threshold is recessive to low-threshold. If the 1:3 ratio (or 25% CH) is our null
hypothesis, our observed data do not differ significantly from the null, x?=0.6324 (P =
0.426483). However, considering MVL, the high-threshold phenotype, is not completely
penetrant for making at least one CH flower (only 70.76% of the censused MVL

individuals made a CH flower), our null hypothesis should actually be closer to 17.7%
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(123/695 E2s). In this case our observed data differ significantly from the null hypothesis,
X?=17.0055 (P = 0.000037). It may still be the case that there is a single major recessive
locus for high-threshold, but it is likely that there are some heterozygotes in the F2
population that still made a CH flower due to stochastic effects or incomplete
penetrance. There may also be several small effect loci that increase threshold as well.
Identifying the gene(s) responsible for threshold will allow us to better
understand how CH/CL flower development is triggered by environmental cues. In
addition to the environmental response data (Chapter 2) and RNA-seq data (Chapter 3)
we can begin to model the entire pathway from initial trigger for the threshold response
through the differentially expressed transcripts orchestrating floral development as it

diverges between CH and CL morphs, to the mature flower form.
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5. Conclusions

To our knowledge Mimulus douglasii has never been studied in the lab this
extensively, though others (Howell 1938, 1942, Hesse 1957, Thompson 2005,
Grossenbacher 2011, Sobel 2014) have studied M. douglasii in its ecological and
phylogenetic context, we believe that this is the most extensive set of controlled studies
ever done in this species. Not only will the results of these studies improve our
understanding of one of the only cleistogamous species within the Phrymaceae, they
contribute additional unique data points to the variety of other studies on cleistogamous
and environmentally plastic species.

The RNA-seq study described here is the second study of its kind published in a
species where cleistogamy occurs naturally, and our results differed significantly from
those published by Luo et al. 2016, which leads to interesting contrasts for how species
switch between making cleistogamous and chasmogamous flowers. We know that
cleistogamy has evolved at least 30 times independently, it is likely that there will be
some overlap in the gene regulatory networks that control cleistogamy, as floral
development pathways are well conserved across angiosperms, but the exact genes or
networks that are responsible for cleistogamous and chasmogamous flowers could be as
unique as the floral forms they induce. Therefore, each new genetic analysis of a
cleistogamous species is bound to uncover interesting modifications of floral
development pathways that can lead to cleistogamous flowers. Not only does this
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inform our models for cleistogamous flower production, this data can inform our
understanding of how flowers are made and in what ways they can be modified by
differential gene expression.

Future experiments in this system could include: verifying the results of the
RNA-seq study (i.e. gene expression differences should be confirmed with qPCR),
characterization of the expression patterns via in-situ hybridization would help narrow
down where these transcripts are expressed in the flower bud, and further functional
analysis of the transcript products would provide a deeper understanding of the
interplay of gene products (Do they lead to up-, or down-regulation of other genes? Do
they promote or repress the cell cycle? What metabolic products do they act on or
create? etc.). These tests would lead to a more thorough understanding of how gene
expression differences ultimately affect floral morph.

We know of no other studies that have used QTL mapping, either within, or
between species, to uncover genetic control of cleistogamy. In this study, we leveraged
the fact that different M. douglasii populations have different responses to the
greenhouse (and other controlled growth environments), which allowed us to dissect the
genetic differences underlying the shift in threshold response to the environment. This
threshold response to the environment is the initial trigger that alters the floral
development pathway from CH flowers to CL flowers. Future directions for the QTL

mapping experiment include: improving the rough reference genome that we made for

76



Mimulus douglasii, a better reference genome would add the most value to the current
data.

We are currently working with collaborators at the University of Oregon, Matt
Streisfeld and his lab group, to enhance our reference genome using the some of the
same techniques they used to assemble / orient scaffolds in their focal species Mimulus
aurantiacus, which is closely related to M. douglasii. The resulting improved genome
reference will allow us to map QTL more effectively. An improved QTL map enhances
our ability to understand the genetic control of the cleistogamy polyphenism trigger,
and how it differs between populations. Once we are able to map the QTL for the
difference in trigger between the two focal populations described here, the next step
would be to look at other populations, as each population that we grew for the various
studies, had a slightly different response to common environmental cues. It is possible
that the differences between all the populations are due to modifications of the same
pathway, though other novel modifiers may have evolved in some populations that
experience more extreme environmental variation. For example, the “Red Hills”
population was strikingly different in branching structure, internode length, and
response to greenhouse conditions. It may be particularly unique due to selection by

serpentine soil characteristics in its native habitat, or to common local weather patterns.
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