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1 | INTRODUCTION

Researchers have posited two mechanisms that might allow popula-
tions to persistin situ, given ongoing climate change: phenotypic plas-

ticity and local adaptation (Anderson, Inouye, McKinney, Colautti, &
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Abstract

In many species, temperature-sensitive phenotypic plasticity (i.e., an individual's
phenotypic response to temperature) displays a positive correlation with latitude,
a pattern presumed to reflect local adaptation. This geographical pattern raises two
general questions: (a) Do a few large-effect genes contribute to latitudinal variation
in a trait? (b) Is the thermal plasticity of different traits regulated pleiotropically? To
address the questions, we crossed individuals of Plantago lanceolata derived from
northern and southern European populations. Individuals naturally exhibited high
and low thermal plasticity in floral reflectance and flowering time. We grew parents
and offspring in controlled cool- and warm-temperature environments, mimicking
what plants would encounter in nature. We obtained genetic markers via genotype-
by-sequencing, produced the first recombination map for this ecologically important
nonmodel species, and performed quantitative trait locus (QTL) mapping of thermal
plasticity and single-environment values for both traits. We identified a large-effect
QTL that largely explained the reflectance plasticity differences between northern
and southern populations. We identified multiple smaller-effect QTLs affecting as-
pects of flowering time, one of which affected flowering time plasticity. The results
indicate that the genetic architecture of thermal plasticity in flowering is more com-
plex than for reflectance. One flowering time QTL showed strong cytonuclear inter-
actions under cool temperatures. Reflectance and flowering plasticity QTLs did not
colocalize, suggesting little pleiotropic genetic control and freedom for independent
trait evolution. Such genetic information about the architecture of plasticity is en-
vironmentally important because it informs us about the potential for plasticity to

offset negative effects of climate change.
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Mitchell-Olds, 2012; Bradshaw & Holzapfel, 2008; Chevin, Lande, &
Mace, 2010; Davis, Shaw, & Etterson, 2005; Jump & Penuelas, 2005;
Ravenscroft, Whitlock, & Fridley, 2015). Phenotypic plasticity is the
ability of an individual to modify its phenotype in response to envi-
ronmental change. If individuals in a species can modify their pheno-

types in ways that improve fitness under rising temperatures, and/
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or changes in precipitation patterns, then these populations should
increase their probability of local persistence. Local adaptation re-
fers to genetic change in a population that improves average fitness
(including survival and reproduction) over generations in response
to local selective pressures. However, adaptation occurs slowly, over
generations, in a population. If adaptation can occur more quickly
than the rate of climate change, then populations have an increased
probability of survival. Phenotypic plasticity might facilitate this
adaptation via the Baldwin effect (Simpson, 1953) by expanding
the range of phenotypes expressed in a population, which would
allow selective forces to more easily discriminate among genotypes,
thus speeding adaptive evolution (Auld, Agrawal, & Relyea, 2009;
Crispo, 2007; Kitano, 2004; Lande, 2009; Schlichting, 2008; Vedder,
Bouwhuis, & Sheldon, 2013).

Thus far, empirical studies that allow us to evaluate the relative
contributions of either mechanism to population persistence are
rare. One limitation is that we know little about the genetic architec-
ture of traits locally adapted to different climates. This includes the
genetics of phenotypic plasticity in these traits (EI-Soda, Malosetti,
Zwaan, Koornneef, & Aarts, 2014; Lee, Gould, & Stinchcombe,
2014; Nicotra et al., 2010; Yadav, Dhole, & Sinha, 2016). Genetic ar-
chitecture is important because it informs us about the extent to
which individual loci affect trait mean values, demonstrate plasticity
and have pleiotropic effects on multiple traits. These factors have
far-reaching implications for the potential for natural selection on
traits and their plasticities to offset short-term negative effects of
environmental change and influence the potential for adaptive shifts
(Lee et al., 2014; Martin & Orgogozo, 2013).

Because temperature is a major determinant of climate, thereis a
particular need to understand the genetic architecture of traits that
are temperature-sensitive. Many species, particularly ectotherms
(i.e., most species on Earth), exhibit thermal plasticity (tempera-
ture-sensitive phenotypic plasticity) in traits contributing to fitness.
For ectotherms, which rely on external heat sources to mediate in-
ternal body temperature, temperature-sensitive plasticity allows or-
ganisms to acclimatize to a new temperature through adjustments in:
(a) behaviour, such as movements through microhabitats and solar
tracking (Clench, 1966; Ehleringer & Forseth, 1980; Huey, 1991;
Kudo, 1995; Webster & Weathers, 1990); (b) phenology of sensi-
tive life stages, such as bud, flower and fruit emergence, and laying/
birthing date in animals (Crick, Dudley, Glue, & Thomson, 1997; Fitter
& Fitter, 2002; Visser & Holleman, 2001); and (c) cellular physiol-
ogy, such as of cellular membranes and gene expression (Angilletta,
2009; Hazel, 1995; Huey & Bennett, 1990; Huey & Stevenson, 1979;
Lacey & Herr, 2005; Marmur & Doty, 1962; Somero, 1995).

Ectotherms generally show positive correlations between
their thermal plasticity (including thermal “tolerance” and “accli-
mation”) and latitude and altitude (Angilletta, 2009; Ghalambor,
Huey, Martin, Tewksbury, & Wang, 2006; Hoffmann, Sgrensen, &
Loeschcke, 2003; Liefting, Hoffmann, & Ellers, 2009). For example,
latitudinal/altitudinal variation has been observed in frog develop-
mental rate (Laugen, Laurila, Rdsinen, & Merila, 2003), thermal tol-
erance in insects (Addo-Bediako, Chown, & Gaston, 2000; Gaston &
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FIGURE 1 Reaction norms for Plantago lanceolata genotypes
from Veno, Denmark, (black) and Hameau de St. Felix, France (red),
grown under cool (15°C day/10°C night) and warm (27°C day/20°C
night) temperature. Dashed lines show reaction norms of F, parents
from Denmark and France that were used in this study

Chown, 1999) and in lizards (van Berkum, 1988), leaf shape in trees
(Royer, Meyerson, Robertson, & Adams, 2009), and floral colour in
herbaceous species (Anderson, Lovin, Richter, & Lacey, 2013; Lacey,
Lovin, Richter, & Herington, 2010). These geographical patterns
provide unique opportunities to clarify the genetic architecture of
traits that are sensitive to temperature and to explore the genetic
basis of evolutionary divergence in plasticity among populations
within a species. Presently such information is rare (Agren, Oakley,
Lundemo, & Schemske, 2017; Alonso-Blanco & Méndez-Vigo, 2014;
Alonso-Blanco, Mendez-Vigo, & Koornneef, 2004; Anderson, Lee,
Rushworth, Colautti, & Mitchell-Olds, 2013; Anderson, Willis, &
Mitchell-Olds, 2011; Des Marais, Hernandez, & Juenger, 2013;
Dittmar, Oakley, Conner, Gould, & Schemske, 2016; Gerken, Eller,
Hahn, & Morgan, 2015; Hall, Basten, & Willis, 2006; Leinonen et al.,
2013; Remington, 2015).

The natural geographical variation in thermal plasticity of flo-
ral reflectance in Plantago lanceolata, a widespread, perennial herb,
allowed us to explore the natural variation in genetic architecture
along a latitudinal gradient. Plantago lanceolata individuals vary in
their ability to respond to the ambient temperature during flower
development. As ambient temperature changes throughout the
lengthy flowering season, a thermally plastic individual modifies the
colour/reflectance of its newly developed flowers. This sensitivity is
strong in two regions of the electromagnetic spectrum, the visible
and NIR (near infrared) regions (Lacey & Herr, 2005). Plastic indi-
viduals produce darker, less reflective flowers in cool temperatures
and lighter, more reflective flowers in warm temperatures—e.g.,

typically, dark flowers in spring and autumn and light flowers in
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summer (Lacey & Herr, 2005). Results of multiple experiments are
consistent with the hypothesis that this thermal plasticity is locally
adaptive (Lacey, Lovin, & Richter, 2012; Lacey et al., 2010; Marshall,
Batten, Remington, & Lacey, 2019). However, not all individuals are
thermally plastic. Nonplastic individuals produce lightly coloured/
highly reflective flowers, regardless of ambient temperature (Lacey
& Herr, 2005). Temperature-sensitive plasticity is positively cor-
related with latitude and altitude in the species' native European
range (Figure 1 and Lacey et al., 2010), and this geographical pattern
is better explained by local adaptation than by neutral evolutionary
factors (Marshall et al., 2019).

In this study, we used the latitudinal variation in P. lanceolata to
explore the genetic architecture of thermal plasticity in floral reflec-
tance and to assess the architectural difference(s) between northern
and southern European populations. We produced an F, mapping
family from two crosses of parental genotypes derived from north-
ern (Sweden and Denmark) and southern (France and Italy) popula-
tions. Northern and southern parents genetically differed not only
in floral reflectance, but as we discovered after we had selected our
parental genotypes, also in time of flowering onset, which we refer
to as flowering time. Therefore, we collected phenotypic data for
both traits from parental, F, and F, generations grown in controlled
cool and warm thermal environments. These temperatures sim-
ulated those that plants encounter in their natural habitats during
the reproductive season. Then we looked for quantitative trait loci
(QTLs) associated with both traits.

Our data provided an opportunity to address two general evolu-
tionary questions about the genetic architecture of locally adapted
traits. First, to what extent do large-effect genes contribute to
geographical variation in locally adapted quantitative traits? The
Fisherian polygenic model of inheritance (Fisher, 1930, 1919) pro-
poses that genetic differences between populations are explained
by allelic variation in many genes, each having a small effect on
the phenotype of the adapted trait. Thus, geographical variation
would probably have arisen over time from many small mutations
in multiple genes. The alternative model predicts that much of the
genetic difference between locally adapted populations can arise
from allelic variation in one or just a few large-effect genes (Orr,
1998, 2005; Robertson, 1967). Numerous recent empirical studies
have been cited in support of each model (Martin & Orgogozo, 2013;
Remington, 2015; Rockman, 2012; Wellenreuther & Hansson, 2016),
and neither model is likely to represent a universal principle of ge-
netic architecture (Dittmar et al., 2016; Remington, 2015). Factors
that may favour variation involving large-effect alleles include traits
that are under selection for different optima in different environ-
ments (Dittmar et al., 2016; Remington, 2015), traits with a small
number of available genetic mechanisms to produce a particular
adaptive change (Frankel, Wang, & Stern, 2012; Lee et al., 2014;
McGregor et al., 2007), and moderate rates of gene flow (Yeaman
& Whitlock, 2011). In our study, we have evidence that reflectance
plasticity is under selection for different optima along a latitudinal
gradient as described above. Differentiation in flowering time could

also involve local adaptation, as has been reported in other species
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(Anderson, Lee, et al., 2013; Dittmar, Oakley, Agren, & Schemske,
2014; Leinonen et al., 2013).

Second, is thermal plasticity variation in multiple locally adapted
traits regulated pleiotropically? If environmental sensitivity to a stim-
ulus shares a common molecular mechanism (i.e., a genetic pathway
or physiology important for sensing and responding to thermal fluc-
tuations), then we may find that the plastic responses of vastly dif-
ferent phenotypes are under pleiotropic genetic control. Pleiotropy
can either constrain or facilitate adaptive evolution depending on
whether the pleiotropic effects of a gene are antagonistic or syner-
gistic for fitness (Lee et al., 2014; Martin & Orgogozo, 2013). It has
been proposed that genes with pleiotropic regulatory effects that
are concordant with complex adaptations may represent “hotspot”
genes involved in convergent evolution of adaptive traits (Martin &
Orgogozo, 2013; McGregor et al., 2007). However, empirical data to
test this are rare. QTL studies in Arabidopsis thaliana (Méndez-Vigo
et al., 2016) and A. lyrata (Quilot-Turion et al., 2013) have observed
colocalization of loci underlying temperature-sensitive plasticity of
flowering time and vegetative traits. Several molecular studies have
suggested that the photoreceptor gene PHYB helps to thermoregu-
late plasticity in both plant flowering time and anthocyanin accumu-
lation (Gu, Wang, Hu, & Hao, 2019; Li, Mao, et al., 2012b; Zhou et al.,
2019). However, other studies suggest that anthocyanin accumula-
tion is thermoregulated by pathways independent of flowering time
(Gu et al., 2019; Zhang et al., 2017, 2016).

To address the above evolutionary questions with P. lanceolata,
we developed a de novo genetic recombination map from markers
attained via double-digest restriction associated digest sequencing
(ddRADseq). Then we mapped QTLs associated with floral reflec-
tance and flowering time under warm and cool conditions in order
to characterize the genetic architecture underlying the evolutionary
divergence of P. lanceolata populations in these traits and in their
plasticities. The specific questions that we addressed were: (a) How
much of the geographical differences for reflectance and flower-
ing and their plasticities are explained by large-effect QTLs? (b) Do
plasticity QTLs colocalize with single-environment QTLs? Because
phenotypic differences in plasticity involve differential responses to
cool temperature (Lacey et al., 2010), we predicted that the plas-
ticity QTLs would colocalize only with the cool-environment QTLs.
Also, we expected to find a strong additive contribution of northern
QTL alleles to high plasticity, at least for reflectance. (c) Do the QTLs
for plasticity in floral reflectance and flowering time colocalize? Co-
localizing QTLs would be consistent with pleiotropic control of plas-
ticity in the two traits, although independent control by separate

closely linked genes could not be ruled out.

2 | METHODS
2.1 | Biology of Plantago lanceolata

Plantago lanceolata L. (English, or ribwort, plantain), Plantaginaceae,

is a temperate, weedy, herbaceous perennial, native to Eurasia but
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now well established in disturbed areas, lawns and grasslands in
North America (Cavers, Bassett, & Crompton, 1980) and in other
continents. Under short-day conditions, P. lanceolata grows vegeta-
tively as a rosette. Under long days, the species produces flowers in
compact inflorescences, called spikes, at the ends of leafless scapes.
A plant may produce spikes throughout the reproductive season,
which in some regions can last for 6 months. Flowers are protogy-
nous, gynodioeceous, self-incompatible (Ross, 1973; Van Damme,
1980).
Many traits show intragenerational and intergenerational plasticity
(Bradshaw, 1965; Case, Lacey, & Hopkins, 1996; Lacey & Herr, 2005,
2000; Primack & Antonovics, 1981; Schmitt, Niles, & Wulff, 1992;
van Tienderen & van der Toorn, 1991a, 1991b; Van Hinsberg & Van
Tienderen, 1997; Van Tienderen, 1990, 1992; Wolff, 1987; Wolff &
Van Delden, 1987). Most P. lanceolata individuals exhibit temper-

ature-sensitivity in floral colour and, more broadly, reflectance. In

1983) and predominately wind-pollinated (Cavers et al.,

response to the natural change in ambient temperature during a re-
productive season, plastic individuals produce new flowers of dif-
ferent colour/reflectance, based on the ambient temperature at the
time of flower production (Lacey & Herr, 2005; Stiles, Cech, Dee, &
Lacey, 2007). However, the degree of plasticity varies from highly
plastic (e.g., a difference in percentage of light reflected at 850 nm
of ~40% between spikes developed at warm vs. cool temperature) to
nonplastic (Lacey & Herr, 2005; Lacey et al., 2010). Nonplastic indi-
viduals produce lightly coloured/highly reflective flowers, regardless
of ambient temperature. Nonplastic individuals that constitutively
produce dark/ poorly reflective flowers have rarely been found
(Lacey et al., 2010).

Thermal plasticity in floral reflectance is positively correlated
with latitude and altitude, and analyses suggest that these correla-
tions reflect local adaptation to the duration of the reproductive
season and the amount of time during the reproductive season
when temperatures are low (Lacey et al., 2010; Marshall et al., 2019).
Experiments indicate that a plant that can warm reproductive tis-
sues during cool periods of the reproductive season increases its
seed production during that period, without a fitness cost during
warm periods (Lacey et al., 2012). Darker, less reflective flowers
absorb more incoming solar radiation than lighter, more reflective
flowers, thereby helping to warm reproductive tissues, which can
improve seed production and offspring fitness (Lacey, 1996; Lacey &
Herr, 2000, 2005). Additionally, population pairwise comparisons of
neutral genetic differentiation, phenotypic differentiation and envi-
ronmental differences, along with gene flow data, together indicate
that natural selection best explains the evolutionary divergence in
plasticity along latitudinal and altitudinal gradients (Marshall et al.,
2019).

Flowering onset and end times are photoperiodically controlled
in P. lanceolata (Snyder, 1948), but warm temperatures accelerate
spike and floral development (Case et al., 1996; Lacey, 1996). Little
is known about the geographical variation in flowering time; how-
ever, flowering phenology and climatic gradients strongly covary in
other perennial species (Dittmar et al., 2014; Garcia-Gil, Mikkonen,
& Savolainen, 2003; Hall & Willis, 2007; Lacey, 1988; Leinonen et
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FIGURE 2 Diagram of reciprocal out-crossing design for
creation of F, mapping family. Outer circles (cytoplasmic DNA),
inner rectangles (nuclear DNA). Alleles designate inheritance from
Fo parent. Nuclear alleles in F,s can be homozygous for northern-
or southern-derived alleles, or heterozygous

al., 2013; Olsson & Agren, 2002; Waldmann, Garcia-Gil, & Sillanpas,
2005). The genetic architecture of flowering time in model species
includes many temperature- and photoperiod-sensitive genes. Only
a few, however, have been shown to contribute to natural geograph-
ical variation in flowering time (e.g. Brachi et al., 2010; Burgarella
et al., 2016; Dittmar et al., 2014; Grillo, Li, Hammond, Wang, &
Schemske, 2013).

2.2 | Crossing design

In2012, because the speciesisan obligate outcrosser, we reciprocally
outcrossed two northern genotypes from Veno, Denmark (56.55°N
8.63°E), and Uppsala, Sweden (59.94°N, 17.39°E), with two southern
genotypes from Aprilia, Italy (41.6°N, 12.65°E), and Hameau de St.
Felix, France (43.58°N, 3.97°E), to produce an F, mapping population
(Figure 2; Table 1). We selected genotypes from different European
populations to minimize the chances of self-incompatibilities in later
generations and provide greater opportunity to evaluate the degree
of genetic heterogeneity between populations from similar latitudes.
The northern and southern parents displayed high and low thermal
plasticity of floral reflectance (Figures 3 and 4), and represented
plasticity extremes found in a sample of 29 European P. lanceolata
populations (e.g., Figure 1; Lacey et al., 2010). Parents were progeny
of genotypes that had been collected from wild populations in 2000
and induced to produce offspring (i.e., the parents in this study) in
a common environment in order to reduce maternal environmen-
tal effects (see details in Lacey et al., 2010). The reciprocal crosses
(Danish x Italian and Swedish x French) yielded two hybrid F, fami-

lies with reciprocal (northern and southern) cytoplasms (Figure 2). In
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Flowering Time Plasticity

FIGURE 4 Histograms displaying temperature-sensitive
plasticity of percentage reflectance of preflowering spikes at

850 nm (a-c) and flowering time (d-f) of inflorescences developed
in cool and warm thermal environments (see text for details).
Plasticity was calculated for each genotype as the mean trait

value among clones developed in warm temperature minus the
mean trait value of clones developed in cool temperature. (a) Bars
show percentage reflectance plasticity of F, genotypes. (b) Bars
show number of F, genotypes (grey; Southern cytoplasm, white;
Northern cytoplasm); black dashed lines show reflectance plasticity
of F, genotypes crossed to produce F,s. (c) Bars show number of
genotypes. (d) Bars show flowering time plasticity of F, genotypes.
(e) Bars show number of F, genotypes (grey; Southern cytoplasm,
white; Northern cytoplasm); black dashed lines show flowering time
plasticity of F, genotypes crossed to produce F,s. (f) Bars show
number of genotypes

(t = -3.36, df = 430, p < .001), and more reflective at cool tempera-
ture (t = -2.10, df = 434, p = .036) than F,s grown in cohort 2 (Figure
S1). Additionally, the cohort 1 F,s displayed a smaller mean flow-
ering time plasticity (t = -3.34, df = 401, p < .001), and flowered
later than cohort 2 in both warm (t = -11.48, df = 277, p < .001)
and cool (t = -6.07, df = 436, p < .001) environments (Figure S1).

Parental clones and clones of the F, hybrids used to produce the

F, generation were interspersed among individuals in each cohort
so that they could be phenotyped under the same environmental
conditions as the F, generation.

We briefly describe the growing and treatment procedures used.
Detailed information can be found in Marshall (2017). Plants were
grown and cloned in growth chambers at 20°C, 8-hr day/15°C, 16-hr
night to promote vegetative growth. On day 140 from the initial
planting date, we moved two clones per genotype (four clones per
parent), each to a different cool-temperature chamber (15°C, 8-hr
day/10°C, 16-hr night), and also two each to a different warm-tem-
perature chamber (27°C, 8-hr day/20°C, 16-hr night). In total, we
used three cool and three warm chambers. On day 168, we induced
flowering by extending the day length to 16-hr day/8-hr night. Then
we monitored plants for emergence of flowering spikes every other
day. After flowering began, we measured floral reflectance and flow-
ering time. Floral reflectance was measured as the average of per-
centage light reflected at 850 nm for two spectral scans conducted
on a single preflowering spike using a spectrophotometer with
an integrating sphere (for methodology, see Lacey & Herr, 2005).
Flowering time was the number of days from induction (day 168) to
complete emergence of the first flowering spike. On day 294, data
collection was completed for each cohort.

Throughout the experiment we maintained thermal differences
between temperature treatments and reduced differences among
other abiotic conditions. We verified temperature at plant height
in each chamber daily and maintained light intensity at plant height
between 300 and 325 pmol. We randomly placed clones of each
genotype in different growth chambers for each temperature treat-
ment. The cool-temperature chambers for cohort 1 were used as the
warm-temperature chambers for cohort 2 and vice versa. All plants
were potted in Fafard 52 mix soil, watered daily, and fertilized daily
between days 42-144 and 210-294, with 0.2 tablespoons of Miracle-
Gro all-purpose plant food per gallon of water. Leaves were trimmed
on all plants to ~10 cm length on days 112, 196-198 and 217-220.

2.4 | Phenotypic analyses

For each genotype we calculated mean trait values in each thermal
environment by averaging the trait values of clones. Trait plasticity
was calculated as the warm-temperature mean trait value minus the
cool-temperature mean trait value. We compared parental pheno-
types in each thermal environment with one-way analysis of vari-
ance (aov) and Tukey's post hoc tests (TukeyHSD) by temperature
treatment combination, with each parental genotype represented
by multiple clones (R Development Core Team, 2013).

We estimated the proportion of F, phenotypic variance attrib-
utable to the difference between northern and southern parents for
each trait at cool and warm temperature, and for trait plasticity as
the proportion of variance explained (PVE) using the formula:

0'2 - 62>(¢752

pvE= 2 VN

O"__2
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where aﬁl and 652 represent variances of parents from northern and

southern populations, respectively, and aﬁ is the F, variance
2

2
N

and 552) for cool- and warm-temperature conditions separately

(Mahmud & Kramer, 1951). We estimated parental variances (o

from the mean trait value of clones of northern and southern pa-
rental genotypes. We calculated parental variances for plasticity
by estimating multiple plasticity values for each genotype. This
was done by subtracting the mean trait value of a randomly se-
lected clone in cool conditions from the mean trait value of a ran-
domly selected clone in warm conditions without resampling.
Therefore, for our variance calculations of plasticity, each parental
genotype contributed a number of plasticity estimates equal to
the fewest number of clones measured in either environment
(Table 1; Table S1).

We tested F, trait distributions for normality with the Shapiro-
Wilk test shapiro.test in R/stats and kurtosis by Pearson's kurtosis
statistic kurtosis in R/moments (Komsta & Novomestky, 2015; R
Development Core Team, 2013). We calculated the genotypic vari-
ance and trait correlations using genotypic mean trait values and
trait plasticities with the cor and cov functions in R (R Development
Core Team, 2013).

2.5 | Genotyping

We collected 100 mg of young leaf tissue from 465 individual geno-
types (four Fo two F,, 459 Fz) and stored it at -80°C until extractions
were performed. DNA was extracted using the MasterPure plant
leaf DNA purification kit. The integrity of high-molecular-weight
DNA bands was verified visually on 1% agarose gels run in 1x TAE
buffer, stained with 0.2 pg/ml ethidium bromide and viewed with the
Bio-Rad ChemiDoc XRS system.

Plantago lanceolata has neither a sequenced genome nor read-
ily available genetic markers. Therefore, we used the ddRADseq
protocol (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012) to de-
velop reproducible genetic markers evenly spread across the ge-
nome. Markers were used to produce a genetic recombination map.
Initially, we selected four nonmethylation-sensitive enzymes with an
optimal reaction temperature of 37°C to determine which restric-
tion enzymes would be appropriate for this project. Two were “com-
mon cutters” with 4-nucleotide recognition sites, Msel and Mspl, and
two were “rare cutters” with 6-nucleotide recognition sites, EcoRI
and Pstl. We performed single digestions (each restriction enzyme
alone) and double digestions (each combination of common + rare
cutter) on genomic DNA from each of the F, parents (for details see
Appendix S1). We subjected digested DNA samples to a dilution se-
ries and ran them on an Agilent 2100 Bioanalyzer High Sensitivity
chip. The number of sequenceable fragments produced from each
combination of restriction enzymes was estimated using the meth-
ods described in Peterson et al. (2012). After digestion with EcoRl
and Mspl, we estimated a size selection window of 200-400 bp to
produce ~38,000 sequenceable fragments per individual. Therefore,
to capture DNA fragments of 200-400 bp ligated to 120 bp of
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adapters, we used a size selection window of 320-520 bp for library
preparation.

We sent genomic DNA samples of 465 individual genotypes
(four F,, two F,, 459 F,) to the genomics core lab at Texas A&M
University Corpus Christi for library preparation where solid phase
reversible immobilization (SPRI) size selection was used to purify
high-molecular-weight genomic DNA. To ensure a sufficient num-
ber of markers was obtained from each of the parents, DNA was in-
cluded from two separate extractions of F, parents. lllumina library
preparation was conducted using the restriction enzymes EcoRI and
Mspl with a size selection window of 320-520 bp. For each run,
100-bp paired-end sequencing was performed on a single lllumina
lane of 196 pooled individuals. We estimated this volume to produce
~38,000 reads per individual with 40x coverage.

The number of total and unique reads derived from the Swedish
parent and French-Swedish F, hybrid were much lower than was
obtained from the other parents. Therefore, we conducted a third
library preparation and second sequencing run that included these
genotypes, and some F,s that contained a low number of reads from
the initial run. The second sequencing run increased the number of
markers obtained from some individuals, while others, including the
Swedish F,, parent and French-Swedish F, hybrid remained low (i.e.,
<2,000 unique reads, Table S2).

2.6 | Linkage mapping

We used the following workflow in Stacks version 1.35-1.37 to pro-
cess ddRADseq reads and produce the genetic markers (Catchen,
Amores, Hohenlohe, Cresko, & Postlethwait, 2011; Catchen,
Hohenlohe, Bassham, Amores, & Cresko, 2013). We filtered raw
reads from each sequencing run to remove erroneous and low-
quality reads, and then demultiplexed the reads (see Appendix S1
for details). Then we sorted and scanned reads from each individual
with a minimum of 5x coverage and maximum of two alleles per
locus against a catalogue of loci from F, and F, parental genotypes
and exported matching reads for each genetic locus (marker). We
eliminated markers that (a) could not be traced to F, parents, (b) did
not display allelic differences between F, parents, (c) were scored
in less than 70% of the 104 F,s with highest coverage and (d) had
segregation ratio p-values <.0001. Remaining markers were used for
recombination mapping.

We conducted recombination mapping using the 104 F,s
(22.6%) with the highest sequence coverage. Based upon the
alleles identified and their segregation patterns, each genetic
marker was categorized as either fully informative (segregating
1:1:1:1; Type A) or partially informative (segregating 1:2:1; Type B,
or 1:1; Type D), as described by Wu, Ma, Painter, and Zeng (2002).
Then, we removed markers with extremely skewed segregation
ratios (i.e., p < .0001 from chi-squared tests of observed vs. ex-
pected segregation ratios of each marker). Filtering produced a
set of 555 genotyped markers that were used to create a genetic

recombination map.
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We used the Kosambi mapping function in the R/ONEMaAP 2.0-4
package to calculate marker order and genetic distance (Kosambi,
1943; Margarido, Souza, & Garcia, 2007; R Development Core Team,
2013). De novo linkage mapping proceeded in three phases based
upon marker segregation ratio p-values. First, we grouped markers with
segregation p-values 2.05 using recombination frequencies < 0.40 and
logarithm of the odds (LOD) scores = 4.0. Within a linkage group (LG),
we estimated preliminary marker order using the order.seq function.
We evaluated the resulting order using the recombination fraction ma-
trix (Figure S2). Markers that did not show recombination frequencies
monotonically increasing with distance from the diagonal of the re-
combination frequency heat map were relocated using the try.seq and
make.seq functions, or they were removed. Once all markers within
the LG displayed a monotonic recombination frequency pattern, we
forced each other marker initially grouped with those markers onto the
LG, one at a time, to determine if they fit soundly at any position along
the lineage group. If forcing a marker onto the LG resulted in map ex-
pansion or violation of monotony, we relocated or removed it. Second,
we added markers with segregation ratio p-values 2.01, and third, we
added markers with p-values >.0001 to LGs using the same criteria
(map expansion and violation of monotony). Finally, we forced all re-
maining markers that did not fit soundly on any of the LGs together
onto a single, separate LG and evaluated position using the same cri-
teria. Once all 555 markers were tested, we evaluated the order of
each LG using the ripple.seq function with a sliding window size of 4,
LOD threshold of 2.0 and tolerance value of 0.1. We examined alter-
native orders that produced lower LOD scores for map expansion and
violation of monotony along the LG. In cases when reordering did not
produce a better overall linkage map, we removed the least informative

markers.

2.7 | Marker distribution and genome coverage

We calculated average marker spacing s by dividing the summed
length of all LGs by the number of marker intervals in the final link-
age map. We estimated the length of each LGias G, = M, + 2s, where
M; is the map distance between terminal markers of LG i. The ex-
pected distance between the chromosome end and the terminal
marker is s under a uniform probability distribution. We calculated
the estimated genome length L by summing the lengths of all six LGs.
The number of markers m; in LG i would be a sample from a Poisson
distribution with parameter 1, = mG,/X.G,, where m is the total num-
ber of markers, if the marker density underlying all chromosomes
were the same (Remington, Whetten, Liu, & O'malley, 1999). We
evaluated the probabilities P(X < m)and P(X 2 m) under the cumula-
tive Poisson distribution as 4, = mG/L (Remington et al., 1999). We
compared marker density with expected marker density under the
Poisson distribution to evaluate marker distribution among LGs on
the final linkage map. We estimated the proportion of the genome c,

within 10 cM, and within 20 cM of a marker, using the formula:

c=1 _eZdn/L

where d is the specified distance (i.e., 10 or 20 cM), n is the number
of markers and L is the estimated genome length, assuming a random
marker distribution (Lange & Boehnke, 1982).

2.8 | QTL mapping

For each trait, floral reflectance and flowering time, we carried out
the following analyses separately in each thermal environment (i.e.,
cool and warm), and for mean thermal plasticity. We performed
genome-wide interval mapping scans with the scanone function in
the R/qtL package to identify genomic regions underlying pheno-
typic variation in R 3.2.3 (Broman, Wu, Sen, & Churchill, 2003; R
Development Core Team, 2013). We analysed reciprocal progeny
together and included cytoplasm origin as an additive covariate. We
used 1,000 permutations to determine genome-wide LOD thresh-
olds of p = .05 for each trait (Churchill & Doerge, 1994).

To estimate the genetic architecture of each trait we used the
makeqtl and fitqtl functions. We made all putative QTL peaks with
LOD = 3.0 identified by scanone into a QTL with makeqtl. We used two
methods to test the significance of each putative QTL, cytoplasm type
(as an additive covariate), and two-way interactions between QTLs and
between QTL and cytoplasm type. First, we placed all putative QTLs and
the cytoplasm covariate into an additive model containing all main QTL
effects and all two-way interactions. The general form of the model was:

trait =Q;+Q;; + Cytoplasm+Q; * Q;; + Q; * Cytoplasm + Q;; » Cytoplasm

where Q; = QTL, and Q; = QTL,. Then we executed fitqt/ on the model.
We performed an iterative stepwise reduction by removing terms, one at
a time, starting with the highest p-value>.05. This process was repeated
until all terms in the model reached p-values <.05. Second, we evaluated
fitqtl models for each trait by iterative stepwise addition. Here we began
with only the putative main effect QTLs and cytoplasm terms in the
model. We first reduced the model until all terms reached p-values <.05.
Then we added two-way interactions, one at a time, and retained signifi-
cant terms. To avoid overlooking important interactions when an interac-
tion was identified and added to the model, we also tested each two-way
interaction in the model with previously added interactions excluded.
Both stepwise reduction and stepwise addition methods for evaluating
the genetic architecture with fitqtl models produced the same “best” ge-
netic architecture model for each trait-by-environment combination.
We partitioned each QTL that contributed to the genetic architec-
ture into QTL effects of northern versus southern alleles as additive
effects, dominance effects, and the deviation of the two northern/
southern heterozygous classes from the mean of the northern/south-
ern heterozygotes using a custom glm script in R that partitions the ef-
fects of one QTL at a time from outcross F, data (Remington, Leinonen,
Leppald, & Savolainen, 2013). Partitioning allowed us to estimate the
magnitude and direction of QTL effects contributing to the genetic ar-
chitecture of each trait. We used this information to determine if simi-
lar effects were found between the QTLs underlying the trait plasticity

and trait variation in either thermal environment. Additionally, using
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FIGURE 5 QTLs displaying a significant effect on trait values in cool and warm environments, and trait plasticity for floral reflectance
and flowering time. QTL peak locations and Bayesian 95% credible intervals (solid lines) are shown to the right, and genetic markers are
shown to the left of each linkage group (LG). Significant QTLs and interactions were identified using the fitqtl function in R/qrL. Each QTL
was partitioned into additive (a), dominance (d), difference between heterozygous classes (i), cytoplasmic (c) and cytoplasmic interactions
(shaded boxes) in separate generalized linear models. Arrows indicate the significance and direction of additive and dominance effects

of alleles from northern (Danish and Swedish) parents. Asterisk (*) and hat (%) symbols indicate the significance of difference between
heterozygous classes and cytoplasmic effects. QTLs are labelled as [trait].[environment].[LG]; trait: floral reflectance (REF) or flowering time

(FT); environment: cool, warm or plasticity; and LG: numbered 1-6

this script, we examined whether cytoplasm contributed a significant
additive effect at each QTL locus, and whether the following interac-
tions were significant: cytoplasm by additive, cytoplasm by dominance
and cytoplasm by difference between northern/southern heterozygous

classes. We estimated and plotted genotypic means and standard errors

of significant QTL-by-cytoplasm interactions with the effectplot func-

tion in R/qrL (Broman et al., 2003; R Development Core Team, 2013).
Each QTL that contributed to the genetic architecture was la-

belled as [trait].[environment].[LG] and abbreviated as follows, trait:

[floral reflectance (REF), flowering time (FT)]; environment: [cool,
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TABLE 2 Analysis of variance and

Ll Temperature Clf MS F . Tukey's post hoc test results comparing
Floral re- Cool residuals 3 1,129.6 27.28 1.00E-06 floral reflectance and flowering time of
flectance 17 41.4 parental genotypes from Denmark (D),

Contrasts Difference 95% Cl (lower/ p 'Sweden (5), France (F? and Italy (1) grown
upper) in cool and warm environments
D-I -22.8 (-33.88/-11.72) 1.04E-04
F-1 7.53 (-3.03/18.09) 217
S-1 -19.04 (-30.85/-7.23) .001
F-D 30.33 (19.25/41.41) 2.90E-06
S-D 3.76 (-8.51/16.03) .819
S-F -26.57 (-38.38/-14.76) 3.61E-05
df MS F p
Warm residuals 3 1.24 0.91 472
10 1.37
df MS F p
Flowering Cool residuals 3 4,084 10.08 3.43E-04
time 19 405
Contrasts Difference 95% Cl (lower/ p
upper)
D-I 39.25 (6.99/71.51) .014
F-1 4.17 (-30.1/38.43) 986
S-I 60 (22.04/97.96) .001
F-D -35.08 (-65.65/-4.52) .021
S-D 20.75 (-13.91/55.41) .359
S-F 55.83 (19.3/92.36) .002
df MS F p
Warm residuals 3 2,961.5 113.7 1.79E-07
9 26.1
Contrasts Difference 95% ClI (lower/ p
upper)
D-I 6.25 (-7.55/20.05) 522
F-1 0.85 (-9.84/11.54) 994
S-1 73.75 (59.95/87.55) 2.00E-07
F-D -5.4 (-18.73/7.93) .605
S-D 67.5 (51.57/83.43) 1.60E-06
S-F 729 (59.57/86.23) 2.00E-07

Note: In each thermal environment genotypes were represented by multiple clones. Column

headers indicate degrees of freedom (df), mean square (MS), F statistic (F), p-value (p), post hoc
contrast (Contrasts), mean difference (Difference) and 95% confidence interval (Cl).

warm or plasticity]; and LG: [linkage group numbered 1-6 from lon-

gest to shortest, corresponding to the genetic map] (Figure 5).

3 | RESULTS
3.1 | Phenotypic patterns

We observed latitudinal differences in the degree of thermal plas-

ticity for both reproductive traits (Marshall, Remington, & Lacey,

2019b). All parents produced highly reflective flowers in the warm
“southern” environment, but northern parents significantly and sub-
stantially reduced reflectance more than did southern parents in the
cool “northern” environment (Tables 1 and 2; Figure 3). Swedish and
Danish parents responded similarly to temperature, as did French
and Italian parents.

The pattern for flowering time was more complicated. At cool
temperature, northern parents flowered significantly later than
did southern parents (Tables 1 and 2). However, in warm tem-

perature the Swedish parent flowered significantly later than the
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TABLE 3 Pearson correlation
coefficients and p-values (lower left),
covariances (upper right) and variances Cool Warm Plasticity Cool Warm Plasticity
(diagonal) of floral reflectance and
flowering time in the F, mapping

Floral reflectance Flowering time

Floral reflectance

population Cool 177 7.6 -172.6 19.37 .85 -17.71
Warm .29; 3.9 -3.71 9.39 .94 -6.97
<.001
Plasticity -99; =15z 168.9 -9.94 A1 10.25
<.001 .002

Flowering time

Cool .10; .05; -.05; 213 78.33 -136.1
.025 .272 312

Warm .03; .04; .00; .39; 183.5 107.64
.53 438 .938 <.001

Plasticity -.10; -.04; .05; -.61; B2 243.7
.043 .394 .283 <.001 <.001

Note: Genotypic means were calculated as the average value of clones developed in cool and warm
environments. Plasticity was calculated for each genotype as the difference between the warm
minus cool mean phenotype.

Floral reflectance For both traits, thermal plasticity differences between northern
20 and southern parents showed evidence of a genetic basis (Table S1).
Mean F, plasticity resembled the midparent values, and the F, phe-
15 notypic distributions were wider than the phenotypic ranges of the
S parent genotypes (Figure 4). Floral reflectance at both temperatures
2 10 and flowering time in warm temperature displayed the same pattern.
However, the F,s were less variable in cool-temperature flowering
5 / time than were the parents, resulting in a negative estimate of PVE
ol S P S-.o »bi ¥ (Table .51). .Most F,s (>9.9%) showed reduced reflect.an.ce and delayed
B B N B m— E— flowering in cool relative to warm temperature, similar to parental
Flowering time genotypes (Table 1; Figure 4).
8 -
. 3.2 | F, genotypic correlations
3 4 ﬁ\ For each trait, we detected statistically significant genotypic cor-
fr V relations between thermal plasticity and the trait's value in both
24 cool and warm temperatures (Table 3). However, correlation values
M Ai/ L@ ¥é were strong for only a few cases. Plasticity in floral reflectance was
(e T bl i s e 0T very strongly negatively correlated with reflectance in cool tem-
1 2 3 4 5 6 perature (r = -0.99) and only weakly correlated with reflectance in
Linkage group warm temperature (r = 0.29). Thus, thermal plasticity in floral re-
FIGURE 6 LOD profiles for floral reflectance and flowering flectance was primarily driven by decreased reflectance in the cool
time are shown for trait values in cool (blue) and warm (red) environment. The correlations between plasticity in flowering time
environments, and trait plasticity (black). Horizontal dashed lines and flowering in cool and warm temperatures were fairly equal

represent genome-wide p = .05 significance thresholds (-0.61 and 0.52, respectively) suggesting that responses to both

temperatures contribute to thermal plasticity in flowering time.
others, which all flowered more quickly than they did at cool tem-
perature (Table 2). Thus, there was a strong genotype-specific dif-
ference; the Swedish parent was thermally insensitive (Table 1). 3.3 | Linkage mapping
Consequently, flowering time plasticity was lowest in the Swedish
parent, highest in the Danish parent and intermediate in the south- lllumina sequencing of the ddRADseq libraries produced 69 k to
ern parents (Table 1). 2.7 M reads with mean coverage of 13-31x in F, parents, 24 kto 1 M
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A. REFLECTANCE PLASTICITY

TABLE 4 Overall QTL models from
fit.gtl analysis in R/qtL for each trait

Best model =y ~ REF.Plasticity.6

examined in cool and warm temperature,

Model parameters LOD %var p (Chi)
REF.Plasticity.6 18.286 17.563 <.0001
B. REFLECTANCE COOL

Best model =y ~ REF.Cool.6

Model parameters LOD %var p (Chi)
REF.Cool.6 20.585 19.012 <.001

C. REFLECTANCE WARM

Best model = y ~ REF.Warm.6

Model parameters LOD %var p (Chi)
Ref.Warm.6 5.053 5.084 3.55E-05
D. FLOWERING TIME PLASTICITY

Best model = y ~ FT.Plasticity.2

Model parameters LOD %var p (Chi)
FT.Plasticity.2 4.999 5.108 4.00E-05

E. FLOWERING TIME COOL

and trait plasticity
p (F)

<.0001***

p(F)
<.001***

p(F)
3.87E-05***

p (F)
4.37E-05***

Best model =y ~ FT.Cool.2 + FT.Cool.4 + FT.Cool.6 + Cytoplasm + FT.Cool.4 x Cytoplasm

Model parameters LOD %var p (Chi)

Full Model 14.033 13.488 7.72E-09

FT.Cool.2 4.515 4.128 <.001

FT.Cool.4 5711 5.255 <.001

FT.Cool.6 2.819 2.555 .005

Cytoplasm 2.278 2.059 .033

FT.Cool.4 x Cytoplasm 2.259 2.042 .015
Interaction

F. FLOWERING TIME WARM

Best model = y ~ FT.Warm.4

Model parameters LOD %var p (Chi)

FT.Warm.4 8.581 8.425 1.35E-08

p(F)
1.30E-08***
1.57E-04***
2.65E-04***
.006**

.037*

.018*

p(F)
1.57E-08***

Note: Best models were determined when all model parameters achieved p < .05. QTLs are labelled
as [trait].[environment].[LG], traits: floral reflectance (REF), flowering time (FT); environments:

cool, warm or plasticity; and LG: numbered 1-6.
***p <.001.

**p <.01.

*p< .05.

reads with mean coverage of 13-29x in F, parents, and a mean of
597 k reads at 16x coverage in F,s (Table S2).

The bioinformatics processing steps produced 11,295 markers
from forward reads and 10,387 markers from reverse reads (Marshall,
Remington, & Lacey, 2019a). Eliminating noninformative markers re-
duced the number of markers to be used for mapping to 555. Of the
555 markers used for genetic mapping, 232 displayed segregation
ratio p-values 2.05, 122 displayed ratio p-values between .05 and
>.01, and 201 displayed ratio p-values between .01 and 2.0001. The
555 markers represented three segregation patterns. Three markers
were fully informative and segregated in a 1:1:1:1 ratio (Type A). The
remaining markers were partially informative; 426 segregated in a
1:2:1 ratio (Type B) and 126 segregated in a 1:1 ratio (Type D).

The final genetic linkage map contained 47 markers along 6 LGs
with a combined length of 415.1 cM Kosambi (Figure 5; Table S3).
The average spacing between markers was 10.1 cM, a density suf-
ficient to provide nearly full resolution of QTL intervals given the
limitations of linkage-based mapping for inferring QTL locations
(Darvasi, Weinreb, Minke, Weller, & Soller, 1993). Of the genetic
markers in the final linkage map, one was Type A, 36 were Type
B and 10 were Type D. Markers with skewed segregation ratios
tended to cluster together, and one of the six LGs (LG3) consisted
entirely of highly skewed markers (Figure 5; Table S3). Assuming
that markers were evenly spaced and each LG corresponded to a
single chromosome, the average distance between chromosomal

ends and terminal markers equalled the average marker spacing of



MARSHALL . 13
T MOLECULAR ECOLOGY BRVVA| LEYJ—
FT.Cool.2 (a) REF.Cool.6 (b) REF.Warm.6
(a)
80 -
. *\'&\*\‘ S 9
g E TS H + H }
© l L g1 | c c
) ok o o 91
C 60 2 ? %
00
w g 8
£ 8 £ 90
3 40 B 65 g
g 5 5
e = <
_______ 60
20 i — il i
NoNs  SNs NpS: SS; NpNs SN NpSe SS¢ NpNs SNg  NpS: SS¢
F, Nuclear genotype F, Nuclear genotype F, Nuclear genotype
®) FT.Cool.4 & FT.Warm.4 (©) FliCool4 (d) FLWamA
80 _ _
? [’ ’d
= o 80 o
2 60 £ £
2 w w 20
o £ % £
£ ] % &
L 40 [ Hkk — E 70 + %
S = T % + *
= . 20
20 B ooeeoee adl
NN, SN Nos, S5 NpNs SNs NpS; SS: NpNs SN NgS: SS:
F, Nuclear genotype F, Nuclear genotype F, Nuclear genotype
2
FIGURE 8 Effect of cytoplasms on genotypic means (+SE)
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[ . 3.4 | QTL mapping
----- R
20 A a
NpNg S\Ng NpSe S;Se We detected two QTL regions on different parts of LG6 affecting flo-
F, Nuclear genotype ral reflectance (Figures 5 and 6; Table 4). One QTL with a peak at

FIGURE 7 Genotypic means (+SE) of F,s at flowering time
QTLs: (a) FT.Cool.2, (b) FT.Cool.4 and FT.Warm.4, and (c) FT.Cool.6.
Symbols indicate trait values measured in cool (filled diamond) and
warm (open rectangle) thermal environments. QTLs are labelled as
[trait].[environment].[LG], trait: flowering time (FT); environment:
cool or warm; and LG: numbered 1-6. Allele designations indicate
inheritance from F parent; N = Danish, N¢ = Swedish, S, = Italian,
Sg = French

10.1 cM. Based on these assumptions, the estimated map length
was 536.3 cM.

We did not detect significant differences in marker density
among LGs because Poisson probabilities for deviations of m, from /,
in either direction were greater than 0.329 (Table S4). We estimated
that 82.7% of the genome was within 10 cM of a genetic marker;
97.0% was within 20 cM (Lange & Boehnke, 1982).

18 c¢M on LG6 explained most of the difference in reflectance be-
tween northern versus southern parents at cool temperatures, with
northern alleles reducing reflectance leading to darker flowers. The
region had no effect at warm temperatures. As a consequence, addi-
tive effects of plants with two northern versus two southern alleles at
this QTL region also explained 78% of the increased thermal plastic-
ity in floral reflectance in northern parents versus southern parents
(Table S5). In addition to additive effects, this QTL region displayed
a significant difference between northern/southern heterozygote
classes in reflectance at cool temperature. Heterozygotes with the
Swedish/Italian genotype produced darker, less reflective flowers in
cool temperature, and exhibited greater thermal plasticity for floral re-
flectance than did Danish/French heterozygotes (Table S5). A second
QTL region, near the opposite end of LG6, had much smaller effects
on floral reflectance, and these effects were significant only at warm

temperatures (Table S5).
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In contrast, we detected three significant or probable QTL regions
with relatively small effects on flowering time in cool and/or warm
temperatures, each on a separate LG (LG2, 4 and 6; Figures 5 and 6;
Table 4). At the LG2 QTL region, F, plants with two northern alleles
flowered later, on average, in cool temperatures than did plants with
two southern alleles, and Swedish/Italian heterozygotes flowered
later than did Danish/French heterozygotes (Figure 7; Table S5). The
LG2 region had no detectable effect under warm temperature. This
led to a QTL peak in the same region with corresponding effects on
flowering time plasticity (Table S5; Figure 6). A probable QTL region on
LG6, which did not quite reach the genome-wide p = .05 LOD thresh-
old, was detected only under cool temperatures, with effects limited
to differences between the two northern/southern heterozygote
classes. Swedish/Italian heterozygotes at this location flowered later
than did Danish/French heterozygotes under cool temperatures, but
warm-temperature and plasticity effects were not detected.

On LG4, flowering time QTLs were detected at similar locations
under both warm and cool conditions. Under warm temperatures
Danish/French heterozygotes flowered significantly later than did
Swedish/Italian heterozygotes (Figure 7; Table S5). Similar patterns
were seen under cool temperatures, but the individual genotypic
contrasts were not significant. Under warm temperature, cytoplasm
did not affect flowering time in the Danish/French heterozygotes
(Figure 8d). However, there was a significant interaction between
cytoplasm type and the LG4 QTL genotypes under cool tempera-
tures (Figure 8c; Table S5). Under cool temperature, plants with
French cytoplasm showed delayed flowering in Danish/French het-
erozygotes, similar to the pattern seen with warm temperatures, but
the Danish cytoplasm accelerated flowering of heterozygotes with
the Danish/French QTL genotype. This resulted in a significant re-
duction in the flowering time difference between Danish/French
and Swedish/Italian heterozygotes from 16 days in the French cyto-
plasmic background to <3 days in the Danish cytoplasm (Figure 8c;
Table S5).

All flowering time QTL effects were relatively small compared
to the flowering time differences between the parents. The largest
additive effect was that of the LG2 QTL region under cool tempera-
tures, for which the flowering time difference between plants with
two northern versus two southern alleles was about 16 days, consti-
tuting 33% of the mean difference between northern versus south-

ern parents (Table S5).

4 | DISCUSSION

This study identified substantial genetic differences in genetic ar-
chitecture of floral reflectance, flowering time and thermal plas-
ticities between individuals from northern and southern European
populations. The results for thermal plasticity in floral reflectance
were consistent with a single gene explaining most of the differ-
ences between populations. One large-effect QTL on LG6 was
associated with both thermal plasticity in reflectance and reflec-

tance at cool temperature, and the overlap of QTLs was complete.

This large-effect QTL largely explains the strong phenotypic cor-
relation (r = -0.99) that we observed between thermal plasticity
of floral reflectance and reflectance at cool temperature in the F,
plants. The additive effect of substituting both northern alleles
for southern alleles at this QTL explained 78% of the difference
in mean plasticity values between our northern and southern par-
ents. Furthermore, the significant differences between the two
F, northern/southern heterozygotes at the plasticity QTL sug-
gest strongly that the latitudinal and within-latitudinal variation in
thermal plasticity reflect an allelic series in thermal sensitivity to
cool temperatures. In Petunia flowers, an allelic series at the An1
regulatory gene that promotes anthocyanin biosynthesis produces
a similar thermal response (i.e. anthocyanin accumulation in cool-
vs. warm-developed flowers), and explains the continuous varia-
tion of flower colour (Gerats, Farcy, Wallroth, Groot, & Schram,
1984). Whether or not the LGé reflectance plasticity QTL region is
actually due to the effects of a single gene versus multiple neigh-
bouring genes remains to be established. The LG6 region does not
explain the entire difference in reflectance plasticity between the
northern and southern parents. This suggests that a polygenic
component to reflectance differences still exists, which could in-
clude epistatic interactions with the LG6 region.

Rockman (2012) noted that pigmentation (e.g., via anthocyanin
biosynthesis in plants) in natural populations has an atypically simple
genetic architecture compared to other traits, possibly because it
is generally regulated by simple molecular pathways. However, re-
cent research shows that regulation of the anthocyanin biosynthetic
pathway is not simple (see review by Gu et al., 2019). Moreover, the
large-effect LG6 QTL region seems likely to regulate a complex suite
of traits integrating temperature responses, anthocyanin produc-
tion and other undetermined reflectance mechanisms. Reflectance
plasticity occurs in both the visible and NIR regions, and thermal re-
sponses in these regions are highly correlated in Plantago lanceolata
and other Plantago species (Anderson, Lovin, et al., 2013; Lacey &
Herr, 2005). Cool-temperature regulation of anthocyanin accumu-
lation explains the thermal plasticity in the visible region (Stiles et
al., 2007). However, the molecular pathway underlying change in
the NIR is unknown, as anthocyanins do not absorb NIR radiation
(Gitelson, Merzlyak, & Chivkunova, 2001; Merzlyak, Chivkunova,
Solovchenko, & Naqgvi, 2008). Also, because colour is seldom mea-
sured beyond the visible region, information about whether tem-
perature modifies NIR reflectance in most other plant species is
lacking. Our reflectance measurements were made at 850 nm, thus
demonstrating QTL effects in the NIR spectrum. Divergent selection
on complex pigmentation patterns has been found to involve sim-
ple genetic architectures consisting of large-effect genes in other
instances, including deer mice coat colour patterns as adaptations
to different soil colours (Linnen et al., 2013) and Heliconius butterfly
wing patterns under Miillerian mimickry (Supple et al., 2013). Thus,
the atypically simple genetic architecture of pigmentation noted by
Rockman (2012) may extend to complex pigmentation patterns.

Flowering time showed a different and more complex pattern

that lacked large-effect QTLs under either warm or cool conditions.
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Although we detected one QTL for thermal plasticity that fell within
the primary QTL peak for cool-temperature flowering, the additive
effect of substituting both northern alleles for southern alleles in the
LG2 QTL region explained only a small fraction of the later cool-tem-
perature flowering in the northern parents. Additional QTLs for
both warm- and cool-temperature flowering time were found, but
none explained the majority of divergence among parents. Also, the
F, plants with Swedish alleles did not flower later, as would be ex-
pected from the constitutive late flowering in the Swedish parent.
Thus, the data suggest that undetected loci influenced a substan-
tial amount of the differences in flowering time plasticity between
parent genotypes. Also, QTL effects mainly involved heterogeneity
among northern or southern alleles, and in one case (on LG4) a strong
cytonuclear interaction under cool conditions. This further suggests
that additional undetected QTLs and/or epistatic interactions must
explain the late flowering of the Swedish parent under warm condi-
tions. Parental effects are unlikely to explain late flowering because
all parents were themselves the offspring of parents that had been
raised and that had reproduced in similar environmental conditions
(Lacey et al., 2010). Multiple genes in a complex network help regu-
late flowering time in response to photoperiod and temperature in
Arabidopsis thaliana (e.g., Johansson & Staiger, 2014; Méndez-Vigo
et al., 2016; Song et al., 2017; Song, Ito, & Imaizumi, 2013), and a
similarly complex network appears to underlie latitudinal variation in
flowering time in this species.

In addition to possible differences in the inherent regulatory
complexity of the two traits, differences in selective regimes might
explain the contrast in genetic architecture between reflectance
and flowering time. Divergent selection has either been estab-
lished or is suspected in cases where large-effect genes have been
implicated in trait variation (Colosimo et al., 2005; Frankel et al.,
2012; Lamichhaney et al., 2016; McGregor et al., 2007; Shapiro et
al., 2004), and reflectance plasticity in P. lanceolata is consistent
with this pattern of selection (Lacey et al., 2012, 2010; Marshall
et al., 2019). Flowering time presents a more nuanced situation. In
a cross between Swedish and ltalian A. thaliana ecotypes, north-
ern QTL alleles also led to later flowering, although in some cases
they were associated with lower fitness in Sweden-like growing
conditions (Dittmar et al., 2014). Flowering time in P. lanceolata,
likewise, might not be under strong divergent selection along a lat-
itudinal gradient, although for a different reason. Unlike A. thali-
ana, P. lanceolata is thermally plastic for floral reflectance (Lacey &
Herr, 2005; Lacey et al., 2010). Thus, P. lanceolata has two potential
mechanisms by which to influence the thermal microenvironment
of its reproductive tissues: regulating flowering time and regulating
reflectance. It is possible that the strong selection for differences
in reflectance plasticity at the northern portion of its range may
have led to a weaker selection gradient for flowering time because
reflectance plasticity can extend/maintain a seasonal window for
successful reproduction. When genotypes ranging in floral reflec-
tance plasticity were transplanted into the field at different times
during the flowering season, high-plasticity individuals set more

seeds than did low-plasticity individuals during the cool portion of
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the season, with no measurable cost in the warm portion (Lacey
etal, 2012).

Our QTL data showed no evidence of pleiotropy in QTLs af-
fecting reflectance and flowering time in P. lanceolata. Rather, the
data strongly suggested that the thermoregulation of floral reflec-
tance and of flowering time involve different molecular pathways.
The plasticity QTLs did not colocalize, and the genetic correlations
between traits and between the thermal plasticities of these traits
were weak. One result is that different patterns of thermal plas-
ticity in this pair of traits have apparently been free to evolve inde-
pendently without constraining each other. Both of our southern
populations have evolved a moderate degree of thermal plasticity
in flowering time but have constitutively high floral reflectance.
Conversely, the Swedish population has high thermal plasticity
for floral reflectance but constitutively late flowering, while the
Danish population has high thermal plasticity for both traits. Two
molecular pathways that independently could thermoregulate an-
thocyanin accumulation have recently been identified in A. thali-
ana and in apple. Phytochrome B (PHYB), an important regulator
of light- and temperature-mediated flowering time (Gu et al., 2019;
Legris, Nieto, Sellaro, Prat, & Casal, 2017; Song et al., 2017) helps
to regulate flowering via its effect on the COP1 (constitutive pho-
tomorphogenic 1) ligase. However, an indirect effect of this is that
PHYB may also contribute to anthocyanin accumulation in leaves
(Wu et al., 2018). COP1 has been shown in A. thaliana to repress
MYB1/10 transcription factors, which are positive regulators of
the anthocyanin biosynthetic pathway (ABP) (Li, Ban, et al., 2012a;
Qiu, Li, Jean, Moore, & Chen, 2019; Zhou et al., 2019). Secondly,
cool temperatures activate the expression of a SUMO E3 ligase
gene (S1Z1) in apple, which specifically stabilizes MYB transcrip-
tion factors facilitating anthocyanin biosynthesis (Zhou et al.,
2017). A flowering-time-independent pathway similar to this one
is more consistent with our data.

Our study detected a cytonuclear interaction at the QTL
FT.Cool.4 (Figure 4). At cool temperatures, the Danish cytoplasm
eliminated the flowering time differences observed among F, nu-
clear combinations at warm temperature. Thus, at this QTL, the
entire phenotypic effect of underlying flowering time variation
was determined by strong epistasis between cytoplasm type and
the nuclear genotype. This observation adds to a growing body
of evidence for cytonuclear interactions affecting adaptive traits.
Several recent studies have found evidence of cytonuclear inter-
actions on phenotypic variation, such as flowering in maize and in
A. lyrata (Leinonen et al., 2013; Tang et al., 2013), and cytonuclear
incompatibilities appear in divergent eukaryote taxa from yeast
(Chou, Hung, Lin, Lee, & Leu, 2010), to plants (Fishman & Willis,
2006; Sambatti, Ortiz-Barrientos, Baack, & Rieseberg, 2008) and
animals (Gagnaire, Normandeau, & Bernatchez, 2012; Niehuis,
Judson, & Gadau, 2008). Cytoplasmic genomes may serve as
new sources of variation to accelerate evolutionary changes be-
cause they can modify the magnitude of some QTLs controlling
trait variation, and thus gene networks (Roux et al., 2016; Soltani

et al., 2016). Yet, despite their potential importance, the genetic
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mechanisms underlying cytonuclear interactions remain obscure
(Bock, Andrew, & Rieseberg, 2014; Budar & Roux, 2011; Roux et
al., 2016; Soltani et al., 2016). A nuclear-encoded pentatricopep-
tide repeat (PPR) protein, POCO1, has been shown to regulate
flowering time in A. thaliana via mitochondrial RNA editing (Emami
& Kempken, 2019), suggesting one possible mechanism that could
underlie the cytonuclear interaction we have observed.

This study provides the first published genetic map of P. lance-
olata. The map contained 47 evenly spaced markers along six LGs,
with an average marker spacing of 10.1 cM, which was ideal spacing
to maximize the resolving power of our marker-QTL linkage exper-
iment (Darvasi et al., 1993). Thus, the map provides insights about
the genome of a nonmodel perennial plant species that has been
and continues to be the subject of research in the areas of ecology
and evolution (e.g., Halbritter, Billeter, Edwards, & Alexander, 2015;
Levsen, Bergero, Charlesworth, & Wolff, 2016; Marshall et al., 2019;
Ravenscroft et al., 2015; Wan, Fazlioglu, & Bonser, 2018; Watson-
Lazowski et al., 2016) and agriculture (e.g., Gupta, 2017; Miglécz et
al., 2015; Patton, Weisenberger, & Schortgen, 2018). Also, the study
raises questions for future genetic research in P. lanceolata, such as
examining further the genetic control of thermal plasticity. Some of
our findings, including genomic regions of distorted transmission ra-
tios and heterogeneity among genotypes in the number of ddRAD
tags that could be recovered, suggest possible variation in genome
structure and the possibility of incipient speciation, which warrant
further exploration.

Finally, this QTL study suggests how some plants will be able to
accommodate rising temperatures, associated with climate change.
Climate change is expected to impose strong directional selection pres-
sures on plant populations (Anderson et al., 2012; Bradshaw & Holzapfel,
2008; Davis & Shaw, 2001; Jump & Penuelas, 2005; Ravenscroft et al.,
2015; Reusch & Wood, 2007). If populations of short-lived species are
genetically variable, as we see for thermal plasticity in P. lanceolata and
other species (Anderson, Lovin, et al., 2013), then populations may be
more likely to survive under climatic warming. Flowering time and floral
reflectance are both traits that help plants to reproduce at temperatures
favourable for seed production. The former determines the window of
reproduction and the latter is a partial thermoregulatory mechanism
that functions within that window and can extend that window. Our
QTL study suggests that thermal plasticity can help plants to respond
because: (a) populations are genetically variable for plasticity in both
traits; (b) one major gene (or one tight collection of genes) underlies
the plasticity in floral reflectance, which should allow for more rapid
evolutionary responses to climate change; and (c) plasticity for the two
traits has the potential to evolve independently. Thermal plasticity char-
acterizes the natural latitudinal and altitudinal variation in European
populations of P. lanceolata. It is likely to influence how it and other spe-
cies evolve over time, with the caveat that there are likely to be limits
to any individual's ability to respond via phenotypic plasticity. Natural
tolerance limits determined by genetic constraints and metabolic costs
of extreme plasticity should prevent perpetually increasing plasticity.

Where these limits are, however, is currently unclear.
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