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Abstract 

 
 Plants rely heavily on environmental cues to direct life-history processes. In many 

species, the maternal environment is a reliable predictor of environmental conditions in 

the next generation, and several aspects of progeny phenotype are responsive to 

environmental cues during seed maturation. The ratio of red to far-red light (R:FR) is one 

environmental cue that has been widely shown to influence plant phenotypes across 

generations. Low R:FR are predictive of competitive conditions, because chlorophyll in 

neighboring leaves absorbs red light but allows far-red light to pass through. It has been 

suggested that effects of the maternal competitive environment on progeny phenotype are 

adaptive, but very few studies have convincingly tested this hypothesis. In addition, the 

genetic basis of environmental maternal effects is poorly understood. In this dissertation, 

I examine the adaptive value and genetic basis of maternal effects in competitive 

environments in the plant species Brassica rapa and Arabidopsis thaliana.  

 In chapter 1, I investigate the adaptive value of maternal effects across two 

generations of competitive environments in B. rapa.  Maternal environment effects did 

not enhance progeny fitness but did influence several other progeny traits, as well as 

selection gradients in the progeny generation. These results suggest that although 

environmental maternal effects are not adaptive in this study, they are genetically 

variable and may evolve or affect the evolution of progeny traits. I further investigate the 

effects of competition on B. rapa fitness traits in chapter 2, in which I use a quantitative 

trait loci (QTL) mapping approach to examine how the genetic architecture of multiple 

components of fitness differs across competitive environments. QTL expression varied 
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across competitive treatments for total fruit production, but QTL were generally 

conserved in other fitness traits.  In addition, I identify environment-specific QTL for 

seed mass and germination timing in seeds matured under a low R:FR.  Lastly, in chapter 

3, I investigate if and how phytochrome photoreceptor genes mediate the effects of 

maternal R:FR on progeny germination. My results suggest that all 5 phytochrome genes 

in A. thaliana partially mediate progeny germination response to maternal R:FR, and I 

identify novel roles for individual phytochrome loci in this response. As a whole, this 

research provides insight into the extent that maternal effects in competitive 

environments are adaptive and partially elucidates the genetic basis of maternal effects.  
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Introduction 

 

 Sessile organisms, such as plants, depend highly on environmental cues to adjust 

phenotypic expression.  Plants are influenced not only by environmental conditions over 

their lifetime, but also by the maternal environmental cues that they experience as 

maturing seeds (Roach & Wulff 1987).  Aspects of the maternal environment as varied as 

temperature, altitude, photoperiod, water and nutrient availability, herbivore presence, 

and canopy light conditions, have been shown to affect progeny phenotypes (reviewed in 

Gutterman 2000; Lacey & Herr 2000; Agrawal 2001; Van Dam & Baldwin 2001; 

Johnson et al. 2005).  These “environmental maternal effects” have been hypothesized to 

be a form of adaptive plasticity (transgenerational plasticity) in which the maternal parent 

preconditions her offspring to express a phenotype that is more favorable in specific 

environments (Mousseau & Fox 1998; Hangelbroek et al. 2003; Galloway 2005).  

Plasticity is commonly thought to be favored in invasive weeds (Baker 1965; Humle 

2008), and transgenerational plasticity may aid in the establishment and persistence of 

invasive plant species (Badyaev & Oh 2008).  For example, species invading natural 

communities must successfully germinate in varied and unfavorable conditions, such as 

variable or reduced resource levels due to competition from neighboring native plants. 

Therefore, understanding the adaptive value of environmental maternal effects is not only 

generally interesting, but may also lend insight into the evolutionary biology of invasive 

species.  

 In order for the adaptive evolution of environmental maternal effects to occur, 

three conditions must be met: the progeny environment must be predictable from the 

maternal environment, progeny must express genetic variation across maternal 

environments, and the maternal environment must produce an increase in progeny fitness 

(Donohue & Schmitt 1998).  Progeny competitive environment is often predictable from 

the light conditions, such as the light quality, i.e., the ratio of red to far-red light (R:FR), 

experienced by the maternal plant during seed maturation (Donohue & Schmitt 1998; 
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Galloway 2005).  Low R:FR predict competitive or canopy understory conditions, 

because chlorophyll absorbs red light while allowing far-red light to pass through (Smith 

1982).  High R:FR predict non-competitive conditions or sunlit gaps.  Several plant 

species have been shown to exhibit genetic variation across naturally occurring maternal 

light environments (reviewed in Donohue & Schmitt 1998; Galloway 2005).  In contrast, 

only two studies have detected environmental maternal effects that have a positive effect 

on progeny fitness (Donohue & Schmitt 1998; Galloway & Etterson 2007); therefore, the 

extent to which maternal effects are adaptive is not well understood. 

 In addition, we have almost no understanding of the molecular genetic basis of 

environmental maternal effects.  Several studies have implicated the phytochrome family 

of photoreceptor genes in the regulation of progeny phenotypic responses to the R:FR 

environment during seed maturation (McCullough & Shropshire 1970; Hayes & Klein 

1974; Cresswell & Grime 1981; Contreras et al. 2008), but the genetic tools were not 

available until recently to thoroughly test this hypothesis.  The phytochrome proteins 

shift photoreversibly between active and inactive forms in response to red and far-red 

light, respectively.  It has been suggested that the phytochrome protein in the seed is 

responsive to R:FR in the maternal environment until the seed is fully mature, at which 

time the phytochrome state is fixed until imbibition and subsequent germination.  Five 

phytochrome genes have been identified in Arabidopsis thaliana and three of these, 

PHYA, PHYB, and PHYE, have been shown to mediate seed germination (Botto et al. 

1996; Shinomura et al. 1996; Hennig et al. 2002), but the maternal effects of each of the 

phytochromes are unknown.     

 In the following chapters, I examine the adaptive value and genetic basis of 

maternal effects in competitive environments in the invasive weed, Brassica rapa (wild 

turnip), and the model plant, A. thaliana.  In Chapter 1, I grow several genotypes of B. 

rapa over two generations of competitive and non-competitive environments in order to 

investigate if maternal effects are adaptive under competitive conditions in this species.  

The maternal environment did not positively affect progeny fitness, but it did influence a 

number of other progeny traits, as well as selection gradients in the progeny generation.  
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These results suggest that although maternal effects are not adaptive in this study, they 

are genetically variable and may evolve and affect the evolution of progeny traits.    

 Although Chapter 1 does not demonstrate environmental maternal effects on 

progeny seed production¸ it does suggest that several correlates of fitness, such as 

germination timing and plant size characters, are affected by competitive conditions in 

the maternal environment.  In Chapter 2, I investigate how competitive environment 

influences the quantitative trait loci (QTL) architecture of fitness components in 

recombinant inbred lines (RILs) of B. rapa.  I map fitness QTL in competitive and non-

competitive treatments in an agricultural field, as well as in simulated foliar shade (low 

R:FR), neutral shade, and full sun treatments in a greenhouse.  My results show co-

localization of QTL across environments for several components of fitness, which 

suggests that one or a few loci pleiotropically affect these traits.  In addition, I identify 

QTL that are specific to seeds matured under a foliar shade environment for seed mass 

and germination day.  These QTL may represent loci that mediate maternal effects in 

competitive environments.    

 My results and previous studies have shown that environmental maternal effects 

are genetically variable and that the maternal light environment influences QTL 

expression, but almost nothing is known about the specific loci that regulate 

environmental maternal effects.  In Chapter 3, I examine how cold and warm 

temperatures and low and high R:FR light environments during seed maturation affect 

progeny germination in A. thaliana mutant seeds deficient in one or more phytochrome 

genes.  My results suggest that all five A. thaliana phytochromes partially regulate seed 

germination in response to the maternal R:FR environment, and I identify new roles for 

several of the phytochrome genes.  In sum, the following chapters provide insight into the 

extent that maternal effects are adaptive in competitive environments in the weedy plant 

species, B. rapa, an improved understanding of the QTL architecture of maternal effects 

and fitness traits, and elucidation of one of the first known molecular genetic mechanisms 

of environmental maternal effects.   
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Chapter 1 

 

The evolutionary potential of maternal effects over two generations 

of plant competition 

 

ABSTRACT 

 

 Environmental maternal effects, i.e., influences on progeny phenotype that are 

attributable to a common maternal environment, are prevalent across plant and animal 

species.  These effects are often hypothesized to be adaptive, but few studies have 

examined all three of the conditions necessary for the ongoing adaptive evolution of 

environmental maternal effects: 1) genetic variation must be present for maternal effects, 

2) maternal effects must increase offspring fitness, and 3) the progeny environment must 

be predictable from the maternal environment. Here we investigate the first two of these 

conditions over two generations of plant competition.  We measured fitness (seed set) and 

several other traits considered to be correlates of fitness (e.g., flowering day, plant height, 

etc.) in 24 Brassica rapa recominant inbred lines (RILs) that were grown over two 

generations in competitive and non-competitive environments.  Our results suggest that 

B. rapa genotypes vary in their response to maternal competitive environment for most 

traits examined, i.e., they exhibit genetic variation for environmental maternal effects, but 

these effects dissipate over the life of the plant.  Effects of the maternal environment did 

not increase progeny fitness in the adaptive direction, but they did influence selection 

gradients in the progeny generation.  These results suggest that although maternal effects 

are not adaptive in this study, they are genetically variable and may evolve and affect the 

evolution of progeny traits. 
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INTRODUCTION 

 

 Environmental maternal effects, i.e., effects on offspring phenotype attributable to 

a shared maternal environment, are well documented in plants and animals.  In plants, 

these effects are most strongly exhibited in seed traits, but they can influence the 

progeny’s phenotype throughout its life cycle, including size at various stages (reviewed 

in Roach & Wulff 1987; Stratton 1989; Schmid & Dolt 1994), reproductive timing 

(Lacey 1996; Johnsen et al. 2005), and predator/prey relations (Agrawal et al. 1999; 

Agrawal 2001; Van Dam & Baldwin 2001).  It has been hypothesized that various 

environmental maternal effects are adaptive (reviewed in Donohue & Schmitt 1998; 

Galloway 2005; Galloway & Etterson 2007), but few studies have addressed all of the 

conditions necessary for the adaptive evolution of maternal effects.  

 In order for the ongoing adaptive evolution of environmental maternal effects, 

three conditions must be met: maternal genotypes must differ in the responsiveness of 

progeny traits to the maternal environment, i.e., there must be genetic variation in 

maternal effects; the maternal effect must increase offspring fitness; and the progeny 

environment must be predictable from the maternal environment (Donohue & Schmitt 

1998; Galloway 2005).  Environmental maternal effects are a form of phenotypic 

plasticity, in which offspring phenotype is plastic in response to the maternal 

environment (referred to as intergenerational or transgenerational plasticity) and are 

detected by a significant effect of maternal environment on the expression of progeny 

traits.  Genetic variation is demonstrated by the presence of a significant genotype by 

maternal environment interaction for progeny phenotypes (Mousseau & Fox 1998; 

Galloway 2005).  Evidence for genetic variation in environmental maternal effects is 

well-documented for numerous traits in many plant species and environments (reviewed 

in Donohue & Schmitt 1998; Lacey & Herr 2000; Agrawal 2001; Galloway 2005).   

 Maternal effects on a particular trait (e.g. seed size) may be adaptive, 

maladaptive, or have no effect on progeny fitness depending on the nature of the maternal 

effect.  For example, differential maternal resource provisioning during seed development 

may result in smaller seeds when resources are limited than when resources are ample 
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(Schmitt et al. 1992; Platenkamp & Shaw 1993; Mazer 1998; Galloway 2001b).  This 

response may be maladaptive, as in the case where small seeds become plants with lower 

fitness than do large seeds, or adaptive, for example, when offspring that developed in a 

low resource environment are more tolerant of low resources in the progeny generation 

(Aarssen & Burton 1990).  Regardless of the impact on progeny fitness alone, maternal 

effects may adaptively evolve if they increase the relative abundance of the maternal 

genotype in the progeny generation, where the abundance is the cumulative fitness of a 

maternal genotype and its offspring.  For example, a maternal parent may produce a large 

number of seeds (thereby potentially increasing her fitness), but her fitness will be 

reduced over the next generation if each resulting offspring is smaller and itself has low 

fitness; only an increase in the product of the number of progeny and their fitness will 

lead to enhanced cumulative fitness over both generations.  Very few studies have tested 

for environmental maternal effects on progeny or multigenerational fitness (Donohue & 

Schmitt 1998; Lacey & Herr 2000; Galloway & Etterson 2007).  

  The evolution of environmental maternal effects further depends on a correlation 

between maternal and progeny environments.  Environmental maternal effects are 

expected to evolve adaptively in plants that disperse the majority of their seeds close to 

the maternal plant (into a similar environment to the mother’s), but experience some gene 

flow across two or more environments (Linhart & Grant 1996; Kawecki & Ebert 2004).  

If gene flow is constrained to one environment over several generations, canalization is 

expected to be favored over plastic response to the maternal environment (Levins 1963).   

A strong correlation between maternal and progeny environments is likely to favor 

maternal preconditioning of progeny phenotype in response to environmental cues 

(Donohue & Schmitt 1998; Galloway 2005; Galloway & Etterson 2007).  If the 

environments are uncorrelated, it may be adaptive for a maternal plant to ‘bet-hedge’ by 

producing offspring that vary in phenotype, such that some progeny survive in the next 

generation (Donohue et al. 2005b).   

 In addition to direct effects on progeny fitness, environmental maternal effects 

may influence the opportunity for selection in the progeny generation.  The maternal 

environment may affect selection in the progeny generation by influencing phenotypic 
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distributions (i.e., trait variances), for example, if seeds derived from one maternal 

environment exhibit a wide range of sizes while seeds derived from another maternal 

environment are generally small.  In addition, the maternal environment may affect trait 

covariances and apparent selection on a given trait.  For instance, a significant correlation 

between two traits, A and B, may exist among progeny derived from only one of two 

alternative maternal environments.  When A and B are correlated and when selection in 

the progeny generation acts on trait A, trait B will also be associated with fitness even in 

the absence of direct selection.   

 Competitive environments are particularly interesting for assessing the 

evolutionary potential of environmental maternal effects, because progeny competitive 

conditions are highly correlated with the light quality, in particular the ratio of red to far-

red light (R:FR), experienced by the mother during seed maturation.  Low R:FR indicates 

competitive conditions, because chlorophyll in leaves of neighboring plants selectively 

absorbs light in the R region of the spectrum while transmitting FR light (Smith 1982; 

Smith et al. 1990).  If the maternal environment is densely crowded, the progeny will 

likely disperse into highly competitive conditions; R:FR experienced by the mother 

therefore provides a reliable indication of the progeny environment.  In plant species, like 

our study system, Brassica rapa, that passively disperse seeds around the maternal plant 

(pers. observation), progeny matured in an non-competitive maternal environment may 

disperse into either low-density or competitive settings, depending on seed movement 

and germination timing.   

 In this study, recombinant inbred lines (RILs) of B. rapa were grown to maturity 

in competitive and non-competitive environments over two generations in order to 

evaluate the evolutionary potential and adaptive value of environmental maternal effects.  

Specific questions include: is there genetic variation for progeny response to maternal 

environment, to what extent do maternal effects influence progeny and/or cumulative 

fitness, and to what extent does the maternal environment influence selection gradients in 

the progeny generation?   
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METHODS 

 

Study Species 

 

 Brassica rapa (B. campestris, Brassicaceae), is an annual or biennial herb that 

typically grows in highly disturbed habitats (e.g., roadsides, agricultural fields, etc.).  A 

total of 160 recombinant inbred lines (RILs) of B.rapa were generated from a cross 

between an inbred rapid cycling B. rapa (IMB211) and inbred annual yellow Sarson seed 

oil cultivar (R500).  B. rapa genotypes capable of selfing are uncommon but sometimes 

arise naturally, as is the case for the parental genotypes used to generate the RILs.  The 

F1 individuals were selfed, and each F2 was advanced by single seed descent to the S5 

generation (Poelman & Sleper 1995).  Homozygosity averaged 94% across the RIL lines.  

The S5 lines were obtained from T. Osborn and F. L. I. Luy at University of Wisconsin-

Madison.  Four replicate individuals of each S5 RIL were grown to maturity (to S6) in a 

greenhouse over the winter of 2003-2004.  Plants were self-pollinated by hand and S6 

seeds were collected at maturity and pooled by RIL. 

 

Maternal Generation  

   

 Over April 29-31, 2004, seeds (S6) were planted into non-competitive and intra-

specific competition treatments in a field at the University of Minnesota campus in Saint 

Paul, MN, USA (44° 59’ 9.34” N, 93° 10’ 29.02” W).  The non-competitive treatment 

consisted of rows of four replicate plants of an RIL; both rows and replicate plants were 

planted at 20cm intervals (Figure 1.1).  In the competitive treatment, 3 rows of 6 replicate 

plants of an RIL were grouped together at 5cm spacing, 20cm away from the next RIL.  

The four central plants were designated as focal plants and the surrounding plants as 

neighbors.  Using a nested plot design, 3 subplots of each treatment type were planted 

into a plot and ~50 RILs were randomly assigned to each subplot within a treatment; the 

entire population of 160 RILs was represented in each plot.  Each combination of RIL 

and treatment was planted once in each of three plots, for a total of 3 groups of 4 focal 
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plants (12 focal plants total) for each RIL x treatment.  This experiment was part of a 

larger study examining the genetic basis of shade-avoidance in B. rapa, and further 

experimental design details can be found in Dechaine et al. (2007).   

 The plants were allowed to open-pollinate in the field.  In both treatments, the 

focal plants were surrounded by individuals from the same RIL, making it more likely 

that most plants reproduced through pollination within an RIL than by outcrossing to 

another genotype.  A further consequence of this design is that it is impossible to 

distinguish between maternal and paternal environmental effects, as the maternal and 

paternal treatments are probably the same for most seeds.  Nevertheless, environmental 

treatments on the parental generation leading to effects on progeny phenotype will be 

referred to as “maternal effects” throughout the paper.  By early August, the RILs were 

beginning to senesce.  When no flowers remained on a plant and over 50% of the leaves 

had senesced, 2 small/medium and 2 long fruits were haphazardly collected from 3 - 5 

replicates of an RIL in each treatment, and seeds were pooled from within a plant.  

 

Progeny Generation 

  

 From September to December, 2004, seed mass, seed area, and seed color were 

recorded for seeds from each plant collected in the field.  Twenty randomly chosen seeds 

per plant were weighed to 0.1mg on a standard balance to obtain seed mass.  Seed area 

and seed color (see data analysis section) were measured on 10 of these seeds using the 

computer program, ImagePro, which quantifies pixels in digital photographs of the 

sample (ImagePro Plus V4.5 2001).  Seed area is a measure of the surface area of a seed 

from a photograph and is highly correlated with seed diameter.  Healthy seeds are 

typically round, but they may be oval or misshapen, making area a more accurate 

measure of overall seed size than seed diameter.  After phenotypic measurements, seeds 

were pooled by competitive treatment and RIL.  Pooling was necessary to obtain enough 

seed for the next experiment.  Pooling seeds may magnify variation among RILs and 

could inflate the results of significance tests, because we cannot account for effects of the 

common microenvironment experienced by the four spatially clustered replicates of an 
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RIL.  However, to minimize potential artifacts due to microsite, we pooled close to equal 

numbers of seeds from at least two of three plots for an RIL and treatment.  The treatment 

a seed experienced in the field will hereafter be referred to as the maternal treatment. 

 Twenty-two RILs were chosen randomly from RILs that produced >50 seeds in 

both the competitive and non-competitive maternal treatments (53 possible RILs).  On 

July 1st, 2005, seeds from 24 lines (22 RILs and the 2 parental lines) from each maternal 

treatment were planted into competitive and non-competitive treatments in a full factorial 

design in the University of Minnesota greenhouses in Saint Paul, MN, USA.  The 

treatments in the greenhouse generation will be referred to as the progeny treatments.  In 

each progeny treatment, one seed was planted in the center of a 6.5in (17cm) diameter 

plastic pot on top of MetroMix 200 soil and lightly covered with vermiculite; these plants 

were treated as focal plants.  In the progeny competitive treatment, four seeds were 

planted in all cardinal directions, 2-cm away from the focal plant.  Each neighbor was 

randomly assigned from 20 additional RILs that had been randomly chosen from the 53 

RILs that produced >50 seeds in both the competitive and non-competitive maternal 

treatments.  For each focal plant within an RIL, a unique RIL was chosen to provide 

neighbors, and all 4 neighbors in a pot were the same RIL.  Each combination of line, 

maternal treatment, and progeny treatment, was replicated twice in each of 4 blocks for a 

grand total of 24 lines  ×  2 maternal treatments  ×  2 progeny treatments  ×  2 replicates  

×  4 blocks = 768 focal plants.  Throughout the experiment, plants in the greenhouse 

experienced natural light and daylength.  Air conditioning kept the greenhouse from 

heating above the high 80s°F (26°C). 

 Germination day was scored when the focal plant’s cotyledons first appeared 

above the soil.  At 2 weeks of age, the length of the longest leaf and stem length from soil 

level to apical meristem was measured on each focal plant.  Bolting and flowering dates 

were recorded when flower buds were first differentiated from the apical meristem and 

when the first flower opened, respectively.  Plants were self-pollinated by hand.  By early 

September, the plants were senescing.  At senescence, the fruits on each plant were 

counted, and seed number was recorded for 5 randomly chosen fruits.  Final apical 

inflorescence height, as well as the length of internodes 1, 2, 3, 10, 11, and 12, were also 
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measured at senescence.  Internodes 10, 11, and 12 do not accurately represent late 

internode length in plants that produced 50 internodes or more, so we measured the 

length of internodes 46, 47, and 48 in these plants (57 plants representing 2 or more 

replicates of 16 RILs).     

 

Data Analysis 

 

 Seed mass was calculated as the mean mass of 20 seeds that were randomly 

chosen fron the collected pods on each plant.  Mean seed area and seed color were 

obtained for 10 of the seeds.  The trait, seed color, was obtained as the score of the first 

principal component identified in principal components analysis (PCA), using varimax 

rotation, on pixel densities of three colors: red, green, and blue.  The first principal 

component, which was weighted most heavily in red and green, explained greater than 

67% of the variation.  This PC generally represents the purple seed color, but lines varied 

in their color tones, so scoring only purple or yellow seed color was not appropriate.  

Early internode length was obtained as the mean of the first three internodes.  Late 

internode length was calculated as the mean of internodes 10, 11, and 12 for most plants, 

and internodes 46, 47, and 48 for plants that displayed 50 internodes or more; very few 

plants displayed intermediate numbers of internodes.  Cumulative seed production was 

estimated by multiplying the mean seed production for a RIL (within a given maternal 

treatment) by the seed production of each replicate in the progeny generation (Donohue 

& Schmitt 1998).  This estimate of cumulative fitness assumes that a plant’s mother 

produced the average number of seeds for that RIL and maternal treatment combination.  

Most traits did not fit the assumption of normality and were transformed as follows: seed 

mass and seed area were log transformed, germination date was power transformed to the 

−1.5, bolting date was inverse square root transformed, and internode lengths, apical 

meristem height, and progeny and cumulative seed production were transformed by 

taking the square root.   All transformations greatly improved homoscedasticity.   

 Two different models were used to analyze genetic and environmental sources of 

variation in 1) seed traits and 2) progeny traits expressed later in ontogeny (and measured 
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in the greenhouse-grown plants).  The seed traits of seed color, area, and mass were 

measured in seeds that were matured under maternal field conditions.  For these traits, the 

first model examined the effects of maternal treatment on seed data in the 114 RILs that 

set seed in the field.  This model used a restricted maximum likelihood (REML) approach 

to test the fixed effects of maternal treatment and random effects of RIL, RIL  ×  maternal 

treatment, and replicate (RIL  ×  maternal treatment) on seed traits (PROC MIXED SAS 

Institute 2001).  The term ‘replicate (RIL  ×  maternal treatment)’ estimates micro-

environmental variation and accounts for the non-independence of the four replicates of a 

RIL  ×  maternal treatment combination grouped together in the field.  PROC MIXED 

automatically performs F-tests on fixed effects.  The Satterthwaite option was used to 

calculate the degrees of freedom (df) for F-tests.  Satterthwaite df are not always whole 

numbers and have been rounded for simplicity in Tables 2 & 4.  Log-likelihood ratio 

(LLR) tests of significance were completed for random effects.  LLR tests use a chi-

squared distribution with 1 df.   

 For traits measured in the 24 RILs raised in the greenhouse, we used REML 

analysis to test the fixed effects of maternal treatment, progeny treatment, and maternal 

treatment  ×  progeny treatment as well as random effects of block, RIL, RIL  ×  maternal 

treatment, RIL  ×  progeny treatment, and RIL  ×  maternal treatment  ×  progeny 

treatment on progeny phenotypic traits.  F-tests for fixed effects and LLR tests for 

random effects were also performed with this model.  The three-way interaction was 

always non-significant (p>0.2) and was dropped from the analysis.  In addition, we tested 

if maternal effects on later traits were partially attributable to seed mass variation by 

including seed mass as a covariate in the model (results not shown).  Seed mass had a 

significant effect (p<0.01) on germination day, leaf length, and stem length but almost no 

influence on the effects of RIL or treatment, so it was removed from the analyses.  Focal 

plants in the competitive treatments with low neighbor survivorship (<3 out of 8 possible 

neighbors in the maternal generation and <1 out of 4 in the progeny generation) were 

removed from the analyses.  Individuals that did not bolt were removed from the 

maternal generation (because unequal seed germination in the field was not likely due to 

the imposed competition treatment) but assigned a seed set of ‘0’ in the progeny 
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generation.  This ensured that estimates of progeny and cumulative fitness took into 

account possible effects of maternal treatment on seed viability and dormancy.  Sample 

sizes in the progeny generation ranged from 494 (late internode length) to 748 (seed 

total).  In both models, significance tests were largely the same for transformed and 

untransformed trait values, so lsmeans and test statistics for the untransformed trait 

values are presented. These analyses yielded best linear unbiased predictors (BLUPs) for 

each trait for the combination of RIL, maternal treatment, and progeny treatment.  BLUPs 

were standardized to a mean of 0 and a standard deviation of 1 for selection analyses.  

Selection analyses were conducted by progeny treatment to examine how the maternal 

environment might affect selection in each progeny environment.           

 The regression model W = Mtr + X1 + X2…+ Xn + X1Mtr + X2Mtr… + XnMtr, 

where relative fitness (W) was regressed on maternal treatment (Mtr), trait BLUPs (Xns) 

and on the interactions between maternal treatment and the trait BLUPs (XnMtr), was 

used to examine differences in genotypic selection between the maternal treatments 

(Lande & Arnold 1983; Rausher 1992).  We were specifically interested in examining 

selection on traits that were influenced by maternal effects, so we included traits with a 

significant maternal treatment or RIL  ×  maternal treatment effect in the selection model.  

In order to minimize the number of closely related traits in the model, we did not include 

stem length at 2 weeks, flowering day, or late internode length in the selection analyses 

(instead we included leaf length at 2 weeks (Pearson correlation coefficient with stem 

length in the competitive treatment, r2  = 0.45), bolting day (bolt/flower r2 = 0.95), and 

early internode length (early/late r2 =0.76)).  The latter three traits were chosen because 

they showed stronger RIL × maternal treatment interaction effects than did the former 

three.  Significant regression terms were identified using an ANOVA (PROC GLM SAS 

Institute 2001).  Significant linear regression terms indicate directional selection, and 

significant trait by treatment interactions indicate that selection gradients differ between 

the maternal treatments.  Selection gradients (β) were estimated using the above selection 

model after accounting for the maternal treatment and the trait by maternal treatment 

interactions.    
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RESULTS 

 

Genetic variation for maternal effects 

 

 Maternal plants produced seeds larger in both mass and area in the non-

competitive maternal treatment relative to the competitive maternal treatment (Tables 1.1, 

1.2).  RILs differed for all seed traits, but the RIL  ×  maternal treatment effect was not 

significant for any seed trait, providing no evidence that RILs respond differently to 

maternal treatments for these traits (Table 1.2).   

 Early internodes, late internodes, and apical inflorescences were more elongated 

in the progeny non-competitive treatment than the progeny competitive treatment (Tables 

1.3, 1.4).  There were no overall maternal treatment effects or significant interactions 

between maternal and progeny treatments for any progeny phenotypic trait, but the RIL  

×  maternal treatment interaction was significant for germination day, bolting and 

flowering days, and early and late internode length (Table 1.4). For each of these traits, 

RILs appeared to change rank order in response to maternal treatment (Fig. 1.2).  

 

Maternal effects on progeny fitness 

 

 There was no significant effect of maternal treatment or its interactions on 

progeny seed production.  However, there was a large effect of progeny treatment; plants 

produced more seed in the progeny non-competitive treatment relative to the competitive 

treatment (Tables 1.3, 1.4).  There were significant effects of RIL, maternal treatment, 

progeny treatment, RIL  ×  maternal treatment, and RIL  ×  progeny treatment on 

cumulative seed production (Table 1.4).  Environmental maternal effects are expected to 

be adaptive if the maternal and progeny environments are highly correlated, i.e., in 

instances when the maternal plant may precondition her offspring to better survive or 

reproduce in the same environment as the mother.  Therefore, adaptive maternal effects 

should result in higher progeny and/or cumulative fitness when the progeny and maternal 

environments match than when they do not.  In particular, this pattern is expected when 
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both environments are competitive, as non-competitive environments generally confer 

high fitness due to greater resource availability.  Our results are inconsistent with this 

adaptive hypothesis; instead, plants growing in the non-competitive maternal and then the 

competitive progeny environments displayed higher progeny and cumulative fitness than 

plants maturing in competitive environments over both generations (Fig. 1.3).  In sum, 

maturing in the non-competitive environment in either generation increased fitness.        

 

Maternal effects on selection in the progeny generation 

 

 Genotypic selection was significantly positive on bolting day and negative for 

germination day and leaf length at bolting in both progeny environments, indicating that 

selection favors later bolting, earlier germination, and less elongated leaves in these 

environments (Table 1.5).  In the progeny competitive environment, selection gradients 

were in the positive direction for seed area and early internode length (marginal), i.e., 

relative fitness increased with increasing seed area and internode length.  Selection 

gradients were negative for seed mass, indicating that seeds of smaller mass are favored 

in this environment.  Interestingly, in the progeny competitive treatment, selection on 

seed mass differed between maternal treatments (Table 1.5B). Seeds smaller in mass 

were generally favored, but selection on seeds from the maternal non-competitive 

treatment was more strongly negative (Fig. 1.3).   
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DISCUSSION   

 

Is there genetic variation for progeny response to maternal environment? 

 

 To determine whether environmental maternal effects have the potential for 

ongoing adaptive evolution under competitive conditions, we tested for genetic variation 

in progeny response to the maternal environment, as indicated by a significant RIL  ×  

maternal treatment interaction.  On average, seeds produced in the non-competitive 

treatment were heavier and larger when compared to those produced in the competitive 

maternal treatment (Table 1.1), and no genetic variation was detected for these maternal 

effects (Table 1.2).  In contrast, the RILs differed in the sensitivity of most other progeny 

traits to the maternal environment, with the exception of apical inflorescence height and 

progeny fruit production (Table 1.4, Fig. 1.2).   

 Our results add to a growing body of evidence that suggests that responses to the 

maternal environment can potentially evolve (Donohue & Schmitt 1998; Mousseau & 

Fox 1998; Donohue 1999; Galloway 2005).  Prior studies have documented genetic 

variation in progeny response to diverse aspects of the maternal environment, including 

nutrient gradients (Wulff et al. 1994; Galloway 2001a), soil type (Schmid & Dolt 1994), 

salinity level (Van Zandt & Mopper 2004), temperature (Lacey 1996), and multiple 

competitive environments (Schmitt et al. 1992; Platenkamp & Shaw 1993; Galloway & 

Etterson 2007).  Most studies have focused on seed traits, particularly germination 

percentage and seed size, and those that examined traits expressed later in the progeny 

life-cycle typically observed a decrease in parental effects and increase in effects of the 

progeny treatment over the offspring’s life (Roach & Wulff 1987; Stratton 1989; Schmid 

& Dolt 1994; Lacey & Herr 2000; Van Zandt & Mopper 2004).  Our results follow 

similar trends for traits expressed early in the life-cycle, with the exception that seed 

color appears to be environmentally invariant.  Our results are unique in that effects of 

the interaction between RIL and maternal treatment are highly significant in late progeny 

traits, such as flowering day and internode elongation (Table 1.2).  These results are 

attributable to changes in rank order among the RILs, i.e., various RILs exhibited 
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positive, negative, and no plasticity in response to maternal environment (Fig. 1.2).  

Depending on the direction of selection, transgenerational plasticity observed in at least 

some RILs might confer a selective advantage in the progeny generation, if plasticity is 

parallel to the direction of selection.     

     

To what extent do environmental maternal effects influence progeny and cumulative 

fitness? 

  

 A large body of research has demonstrated that the maternal environment 

influences the expression of progeny traits and that these effects are genetically variable, 

but few studies have tested for effects of the maternal environment on fitness in 

subsequent generations.  We examined the effects of RIL, maternal treatment, progeny 

treatment, and their interactions on progeny fitness.  We failed to detect maternal or RIL 

by maternal treatment effects on fitness; instead, RILs produced over three times as many 

fruit in the progeny non-competitive treatment (Table 1.3, 1.4).  Therefore, although the 

maternal environment influences progeny phenotypic traits, these effects appear to 

dissipate over the life of the plant and have little direct impact on progeny fitness.         

 A study by Donohue and Schmitt (1998) showed that environmental maternal 

effects increase cumulative fitness when both generations are grown in the same 

environment.  In that study, Plantago lanceolata plants were grown in mowed and 

unmowed environments and the seeds were reciprocally transplanted into the same 

environments.  When maternal or progeny fitness was considered singularly, both the 

maternal and progeny plants produced significantly more inflorescences on average in the 

high-light mowed environment than the low-light unmowed environment.  When 

cumulative fitness of the mother and the progeny was considered, the offspring that 

matured in the same environment as their mother had higher fitness than those that 

matured in a different environment than their mother for both light treatments.  This 

result suggests that offspring may be preconditioned to better survive in the same 

environment as their mother (Hangelbroek et al. 2003; Galloway 2005).   
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 Our study found no fitness benefit to mother and progeny maturing in the same 

environment; progeny who came from the competitive treatment and matured in the 

competitive treatment had the lowest fitness, and cumulative fitness was the greatest in 

the non-competitive environment for both generations (Fig. 1.3).  In addition, cumulative 

fitness essentially doubled for each generation grown in a non-competitive environment.  

Overall, the effect of the maternal environment on progeny and cumulative fitness was 

undetectable or maladaptive, providing no evidence for adaptive environmental maternal 

effects in this case.  

         

How does the maternal environment affect selection in the progeny generation? 

 

 Although we found no direct effects of the maternal environment on progeny 

fitness, we observed extensive RIL × maternal environmental interactions that might 

impact the phenotypic distribution in the progeny generation, thereby affecting the 

opportunity for selection.  To examine this, we tested whether genotypic selection in the 

progeny generation varied depending on the maternal treatment from which the progeny 

were derived.  

 In the progeny competitive treatment, selection on progeny seed mass differed 

significantly across maternal treatments (Table 1.5B).  Negative selection was stronger 

on seeds derived from the maternal non-competitive treatment than among seeds derived 

from the maternal competitive treatment (Fig. 1.4).  The disparate selection gradients do 

not appear to be due to differences in distribution of the seed mass data, i.e., there were 

no effects of the maternal treatment on the phenotypic distribution.  Rather, for a given 

seed mass (e.g. less than 10mg), fitness is higher among seeds drawn from the non-

competitive maternal environment than the competitive maternal environment, 

suggesting that seed mass is correlated with an unmeasured trait that is under direct 

selection (Fig. 1.4).  Some possible correlated traits might include seed coat thickness, 

sugar metabolism, or protein content.  A study in Polygonum persicaria found that plants 

grown in low light produced seeds with less mass due to a thinner pericarp than seeds 

grown in high light (Sultan 1996).  One possible explanation is that a thinner seed coat is 



21 
 

favored in the progeny competitive environment, and for a given seed weight (e.g. 

10mg), seeds from the maternal non-competitive treatment have thinner seed coats than 

seeds from the maternal competitive environment.  Therefore, in the progeny generation, 

there is strong negative selection on seeds from the maternal non-competitive treatment.  

The trait under direct selection could also be embryonic.  For example, kernel weight is 

positively correlated with amylase content and negatively correlated with protein content 

in Sorghum bicolor (Rami et al. 1998), and APETALA2 mutants that produce larger seeds 

than wild-type have altered sugar metabolism (Ohto et al. 2005).  Seed weight was the 

only trait in which selection gradients differed between maternal environments; therefore, 

this study provided only weak evidence that maternal effects influence selection in the 

next generation.         

 

To what extent are environmental maternal effects in plants adaptive?  

 

 Our study showed that maternal effects have the potential to evolve or to affect 

the evolution of progeny traits, in that responses to maternal environment are genetically 

variable and can influence selection gradients in the next generation.  In contrast, the 

maternal environment did not affect progeny fitness, and we found no interaction 

between maternal and progeny environments for any trait tested.  Therefore, we conclude 

that progeny reponses to the maternal environment have the potential to adapt but are not 

adaptive in this study.  In addition to the aforementioned study by Donohue and Schmitt 

(1998) that found an increase in cumulative fitness in plants matured in the same 

environment as their mother, we are aware of only two other studies in plants that have 

tested the effects of maternal environment on progeny or multigenerational fitness.  

Lacey and Herr (2000) found a strong effect of postzygotic temperature on offspring 

fitness (measured as  population growth rate) in Plantago lanceolata.  High postzygotic 

temperature increased offspring fitness over low postzygotic temperature by almost 50% 

over three years.  This maternal effect was largely attributable to differences in 

germination percentage.  These results suggest that maternal effects can influence 
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evolution in natural populations by indirectly affecting offspring fitness through seedling 

recruitment (Lacey & Herr 2000).    

 Recently, an exciting study by Galloway and Etterson (2007) showed that 

maternal light environment influences offspring life history in a natural population of 

Campanulastrum americanum, and these effects are likely adaptive.  C. americanum 

seeds were matured under naturally occurring light gap or forest understory environments 

and germinated under the same conditions.  The study found that both the maternal and 

progeny treatments influenced the number of seeds that survived to seedlings and that 

more seeds survived if they experienced the same conditions as their mother.  This was 

true across both matched maternal by progeny treatment combinations (gap/gap, 

understory/understory) for annual plants and in light gaps for biennials.  They were 

unable to detect direct effects of the maternal environment on offspring fitness, but when 

they used the survivorship and progeny fitness data to project population growth rates, 

they found that the population growth rate when the maternal and progeny environments 

matched was >2.5 times larger than when they did not match.  These results suggest that 

effects of the maternal light environment are adaptive in the wild in that system.       

 There are a number of possible reasons for why we did not detect adaptive 

maternal effects in this study.  First, it is possible that environmental maternal effects are 

not adaptive in B. rapa, but it seems more likely, especially given the recent results in C. 

americana, that they are adaptive under some conditions.  Additional explanations for our 

results include the use of an experimental progeny rather than locally collected genotypes 

and field to greenhouse environmental differences, such as the presence of herbivores in 

the field.  An array of genotypes collected from the study area would be expected to have 

already evolved beneficial maternal effects in that environment.  On the other hand, RILs 

may harbor more genetic variation than naturally derived genotypes, such that adaptive 

significance would be easier to detect.  Inbreeding depression may be of concern in RILs 

of B. rapa, as B. rapa typically occurs as an outcrossing species.  We did not test for 

inbreeding depression in the RILs, but it is likely that it contributed to the low seed set in 

the field.  Due to seed limitations, we used RILs that exhibited comparatively high fitness 

in both maternal environments to ascertain fitness across the two progeny environments.  
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These RILs likely experienced low (or no) inbreeding depression.  Therefore, 

heterogenity in inbreeding depression likely had no direct effect on our estimates of 

selection and tests of significance but indirectly influenced our results by limiting the 

genotypes that could be assessed over multiple generations.  Two of the aforementioned 

studies suggested that the maternal environment indirectly influences progeny fitness 

through its effect on seedling recruitment (Lacey and Herr 2000; Galloway & Etterson 

2007).  The RILs in our study exhibited high germination (>90%) regardless of maternal 

or progeny treatment, and consequently, we were unable to assess maternal effects on 

seedling recruitment.  High germination resulted from limiting the progeny generation to  

RILs with a high seed set and favorable conditions for germination in the greenhouse.  

Use of a wider range of randomly selected genotypes that were variable for seed 

dormancy or assessing both generations in the field (where germination was closer to 

50%) may have increased the likelihood that we would detect maternal effects on 

progeny fitness.   

 In addition, we may not have detected maternal effects on fitness if the 

competitive treatment across generations was not similar enough for environmental 

maternal effects to be adaptive in the progeny generation.  Although a number of 

environmental factors differed between maternal and progeny treatments, including pot 

size, soil type, herbivore presence, and neighbor genotype, several aspects of the 

competitive environment such as PAR (average reduction under neighbor canopy = 50%, 

field; 70%, greenhouse) and type of competition (inter-specific with same RIL 

population) were similar across generations.  Plants produced many more fruit in the non-

competitive environment in both generations, and correlations across generations within 

treatments (e.g. maternal and progeny competitive treatments) for apical meristem height, 

bolting day, and internode length, were 5-10% higher than correlations across generations 

between treatments (e.g. maternal competitive and progeny non-competitive treatments) 

(data not shown).  We chose to mature the progeny generation in a greenhouse 

environment because low field germination (germination percentage averaged around 

50% in maternal plants) and low seed production in maternal plants (only 53 RILs 

produced >50 seeds per RIL by maternal treatment) made it impossible to have enough 
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seed to conduct the progeny experiment in the field.  Nonetheless, a number of studies 

have found potentially adaptive maternal effects when only one generation was grown in 

a natural environment (Schmitt et al. 1992; Galloway 1995; Lacey & Herr 2000; 

Galloway 2001a; Johnsen et al. 2005).   

 Research to date has established that environmental maternal effects influence 

numerous traits, are genetically variable, may enhance progeny and multigenerational 

fitness, and likely aid in local adaptation.  Even so, more research is needed in which 

arrays of genotypes from natural populations are grown to maturity over multiple 

generations in natural environments and fitness is measured in each generation.  

Although we did not detect adaptive maternal effects in this study, the recent results from 

Galloway & Etterson (2007) suggest that environmental maternal effects are, at least in 

some instances, adaptive in natural populations and are likely to be detected if more 

systems and environmental conditions are examined.    
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TABLES 

 

Table 1.1.  Least-squared means (LSmeans) ± 1 standard deviation (SD) for Brassica 
rapa seed collected from competitive and non-competitive maternal treatments in the 
field generation.  Seed color is the score of the first principal component as identified in a 
principal components analysis of red, green, and blue pixel densities from a photograph.  
A larger number for seed color indicates more red and green color (purple seeds).        

 

Seed Traits Competitive Non-competitive 

Seed Mass (mg) 0.94 (0.02) 0.98 (0.01) 

Seed Area (cm3) 0.17 (0.01) 0.19 (0.01) 

Seed Color 0.04 (0.07) 0.05 (0.07) 
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Table 1.2.  Analysis of variance (ANOVA) results for seed traits.  Mtr refers to the 
maternal competitive and non-competitive treatments in the field generation.  Chi-
squared values, with df = 1, are shown for random effects.  For fixed effects, numerator 
and denominator df and F-values are shown.  Significant effects are in bold.    

 

                                Random effects       Chi-squared values 

 Seed Mass Seed Area Seed Color 

Replicate(RIL*Mtr) 75.0*** 124.3*** 372.5*** 

RIL 18.6*** 62.8*** 342.4*** 

RIL*Mtr 0.5 0.0 0.0 

               Fixed effects           F-values 

 df F Df F df F 

Mtr F1,339 4.60* F1,301 4.69* F1,82 0.01 

     *p<.05  **p<.01  ***p<.001 
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Table 1.3. LSmeans (±1SD) of progeny phenotypic traits for the maternal treatment by 
progeny treatment interaction.  Length and height traits are in mm.  Progeny seed 
production is the number of seeds per progeny plant.  Cumulative fitness is the product of 
mean seed production by RIL and maternal treatment and individual seed production in 
the progeny generation.          

 Maternal Treatment Progeny Treatment 

Progeny phenotypic 
traits 

Competitive Non-competitive Competitive Non-competitive 

Days to germination 3.88 (0.14) 3.94 (0.14) 3.87 (0.13) 3.94 (0.13) 

Leaf length at 2 wks 33.80 (1.71) 33.33 (1.71) 33.82 (1.57) 33.31 (1.54) 

Stem length at 2 wks 33.81 (1.20) 33.34 (1.20) 34.25 (1.15) 32.90 (1.14) 

Days to bolting 29.44 (1.56) 30.47 (1.57) 29.97 (1.51) 29.93 (1.50) 

Days to flowering 37.96 (1.45) 38.87 (1.45) 38.45 (1.43) 38.37 (1.41)  

Early internode length 56.17 (2.90) 54.44 (2.90) 52.39 (2.81) 58.22 (2.78) 

Late internode length 20.36 (0.97) 18.87 (0.96) 18.41 (0.93) 20.82 (0.89) 

Apical inflorescence 
height 

497.78 (39.63) 523.10 (39.68) 453.49 (38.91) 567.39 (38.69) 

Progeny seed 
production 

104.34 (17.58) 120.19 (17.54) 64.81 (19.20) 159.72 (19.12) 

Cumulative seed 
production 

27687 (10597) 58611 (10584) 24927 (9741) 61371 (9707) 
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Table 1.4. A. B. ANOVA table for progeny phenotypic traits.  Significance tests were 
performed on transformed values.  Mtr refers to the competitive and non-competitive 
treatments seeds experienced in the maternal (field) generation.  Ptr refers to the 
competitive and non-competitive treatments progeny plants experienced in the progeny 
(greenhouse) generation.  Chi-squared values, df = 1, are shown for random effects.  For 
fixed effects, numerator and denominator df and F-values are shown.  Significant effects 
are in bold.     

B. Random Factors  Chi-squared values 

 Early 
internode 
length 

Late internode 
length 

Apical 
inflorescence 
height 

Progeny seed 
production 

Cumulative seed 
production  

Block 17.7*** 0.0 1.7 0.0 0.0 

RIL 70.9*** 49.0*** 213.4*** 99.4*** 84.8*** 

RIL*
Mtr 

10.7*** 6.9** 3.1 2.5 39.4*** 

RIL*
Ptr 

0.0 0.0 0.0 21.8*** 12.1*** 

Fixed Effects   F-values 

 df F df F df F Df F df F 

Mtr F1,22 0.66 F1,23 2.38 F1,23 1.54 F1,23 0.93 F1,22 6.21* 

Ptr F1,23 19.0*** F1,447 11.9*** F1,598 49.6*** F1,23 17.8*** F1,23 16.4*** 

Mtr*  
Ptr 

F1,568 0.11 F1,450 0.28 F1,597 0.00 F1,677 1.64 F1,673 1.79 

 *p<.05  **p<.01  ***p<.001 

A. Random Factors  Chi-squared values 

 Days to 
Germination 

Leaf length at 
2 weeks 

Stem height at 2 
weeks 

Days to 
Bolting 

Days to 
flowering 

Block 8.4** 0.0 0.0 1.4 0.0 

RIL 13.0*** 39.2*** 37.3*** 317.6*** 260.0*** 

RIL*Mtr 10.0** 15.6*** 6.4* 17.3*** 5.1* 

RIL*Ptr 0.0 0.0 0.0 1.5 0.1 

Fixed Effects   F-values 

 df F df F df F df F df F 

Mtr F1,23 0.23 F1,23 0.07 F1,23 0.19 F1,23 0.23 F1,22 0.47 

Ptr F1,619 0.97 F1,614 0.22 F1,619 3.20 F1,23 0.58 F1,24 0.01 

Mtr*Ptr F1,619 0.12 F1,613 2.57 F1,619 0.85 F1,596 0.00 F1,567 0.05 
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Table 1.5. Selection analysis in the progeny non-competitive treatment (A.) and the 
progeny competitive treatment (B.).  Selection gradients (β) were determined by 
regressing relative fitness (individual progeny fitness divided by the mean progeny 
fitness over both treatments) on maternal treatment (Mtr), traits, and trait by maternal 

treatment interactions.  Mean-square (MS) values, F-values, and selection gradients (β) 
(split by maternal treatment) are shown.     

A.  Maternal Treatment β 

Main Effects MS F Competitive Non-competitive 

Mtr  (Maternal Treatment) 0.017 0.02   

Seed Mass 1.431 2.03 -0.047 (0.31) -0.529 (0.26) 

Seed Mass х Mtr 1.006 1.43   

Seed Area 0.491 0.70 -0.003 (0.30) 0.320 (0.24) 

Seed Area х Mtr 0.509 0.72   

Germination Day 5.660 8.04** -0.602 (0.38) -0.859 (0.34) 

Germination Day х Mtr 0.176 0.25   

Bolting Day 4.305 6.12* 0.225 (0.23) 0.485 (0.18) 

Bolting Day х Mtr 0.573 0.81   

Leaf length 5.847 8.31** -0.551 (0.40) -0.956 (0.34) 

Leaf length х Mtr 0.422 0.60   

Early Internode length 1.196 1.70 0.217 (0.23) 0.160 (0.18) 

Early Internode length х Mtr 0.028 0.04   

  
B.  Maternal Treatment β 

Main Effects MS F Competitive Non-competitive 

Mtr 1.970 18.57***   

Seed Mass 1.564 14.74*** -0.137 (0.09) -0.463 (0.13) 

Seed Mass х Mtr 0.460 4.34*   

Seed Area 1.016 9.58** 0.138 (0.09) 0.318 (0.12) 

Seed Area х Mtr 0.158 1.49   

Germination Day 0.912 8.60** -0.197 (0.11) -0.381 (0.16) 

Germination Day х Mtr 0.092 0.87   

Bolting Day 0.985 9.29** 0.144 (0.07) 0.196 (0.08) 

Bolting Day х Mtr 0.023 0.21   

Leaf length 0.569 5.36* -0.180 (0.12) -0.285 (0.16) 

Leaf length х Mtr 0.029 0.27   

Early Internode length 0.412 3.88^ 0.104 (0.07) 0.118 (0.09) 

Early Internode length х Mtr 0.002 0.01   

 ^p<0.06  *p<.05  **p<.01  ***p<.001 
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Figure 1.1.  Planting design.  Adapted from Dechaine et al. (2007). Three plots identical 
to the one shown were planted.  Each treatment was subdivided into three subplots per 
plot.  Fifty Brassica rapa RILs were randomly assigned to each subplot within a 
treatment.  In the non-competitive (grey boxes) and competitive (white boxes) treatments, 
four replicates of a RIL (circles) were planted in a row 20cm away from the next RIL.  In 
the competitive treatment (white boxes) three columns of six plants of the same RIL were 
planted at 5cm intervals, 20cm away from the next RIL.       
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Figure 1.2. Norms of reaction for progeny phenotypic traits by maternal treatment.  Each 
line represents the mean trait values for one RIL in each maternal environment.  RILs 
change rank order for each trait suggesting that RILs are genetically variable for progeny 
phenotypic response to maternal treatment.      
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Figure 1.3.  Plot of A) progeny fitness and B) cumulative fitness lsmeans by maternal 
treatment and progeny treatment.  Progeny fitness is the number of seeds produced per 
plant in the progeny (greenhouse) generation.  Cumulative fitness (number of seeds) is 
the product of mean seed production of a RIL and maternal treatment combination and 
individual seed production in the progeny generation.    

A)  

 

B) 
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Figure 1.4. Plot of the residual variance for seed production against seed weight in the 
progeny competitive treatment.  Filled triangles represent the maternal competitive 
treatment and open squares represent the maternal non-competitive treatment.  Linear 
best-fit lines have been fit to each set of data points.        
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Chapter 2 

 

Mapping of QTL for components of fitness and maternal effects across multiple 
competitive environments in recombinant inbred lines of Brassica rapa 

 

ABSTRACT 

 

 Quantitative trait loci (QTL) mapping can provide insights to the genetic basis of 

complex traits, including maternal effects and components of fitness.  Understanding the 

genetic architecture of maternal effects and fitness traits is relevant both to the study of 

evolution and to the improvement of seed crops, including Brassica rapa. B. rapa 

naturally occurs in diverse competitive environments, and little is known about the 

genetic loci that influence fitness traits in these environments.  We mapped QTL for seed 

and seedling traits in recombinant inbred lines (RILs) of B. rapa.  Plants were grown in 

non-competitive and competitive environments in an agricultural field and simulated full 

sun, foliar shade, and neutral shade treatments in a greenhouse.  To evaluate the basic 

genetic architecture of fitness traits, we conducted quantitative genetic analyses and QTL 

mapping in the non-competitive (full sun) treatments within the field and within the 

greenhouse.  Heritabilities were lower on average in the field (0.08 - 0.79) than in the 

greenhouse (0.26 - 0.86) environments, and, correspondingly, at least one more 

significant QTL was mapped for all but one trait in the greenhouse relative to the field.  

Several components of fitness were correlated across the non-competitive and full sun 

treatments. QTL for several traits co-localized to a region on chromosome 1, which 

suggests that either one or a few loci pleiotropically affect these traits or the causal loci 

are subject to linkage disequilibrium.  Consequently, that evolution in one component of 

fitness may be constrained by its relationship to others.  To further understand the genetic 

architecture of maternal effects and mechanisms of adaptation to different light 

environments, we compared the number as size effect of QTLs across treatments within 

the field and within the greenhouse.  We detected significant interactions between RIL 
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and treatment for fruit length and fruit total in the field and all traits except two in the 

greenhouse.  We observed a significant interaction between environment and fruit total 

QTL in the field.  In addition, for the traits seed mass and germination day, a few QTL 

were identified only in seeds matured under foliar shade; these QTL may represent loci 

that act in response to low R:FR in the maternal environment.  
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INTRODUCTION 

 

 Components of fitness, such as progeny size and number, are complex traits that 

are influenced by many environmental and genetic factors throughout the life of an 

organism.  Fitness traits are affected by many loci, which makes them difficult to study 

through traditional molecular genetic mutant screens that evaluate the function of only a 

few genes at a time.  In addition, the large genetic effects investigated by mutagenesis 

screens may not accurately portray the effects of natural allelic variants in the wild.  

Quantitative trait loci mapping (QTL), which identifies statistical associations between 

phenotypes and genetic markers, is often used locate the genomic regions that influence 

complex traits (Mauricio 2001).  QTL mapping is a useful technique for investigating the 

effects of natural allelic variation on fitness traits and can lend insight into the minimum 

number of causal genetic loci and their effect size.  Genetic correlations among 

components of fitness can also be investigated by QTL mapping.  For example, QTL that 

jointly affect several components of fitness imply either pleiotropic effects of individual 

loci or linkage disequilibrium among causal loci, such that the adaptive evolution of one 

trait may be constrained by its relationship to another.       

  The identification of QTL for fitness traits is also important to breeders wishing 

to improve crop yield (Dudley 1993).  Brassica rapa is an important vegetable and seed 

oil crop for human consumption and animal feed that is cultivated worldwide.  Seed 

yield, seed mass, and biochemical seed characteristics are essential to the agroeconomic 

value and nutrition of the B. rapa crop.  B. rapa is also closely related to the important 

agronomic crop, B. napus (canola), as well as several other crops of economic importance 

in the Brassicaceae family (Prakash & Hinata 1980).  QTL mapped in B. rapa are likely 

to be conserved across Brassica species (Teutonico & Osborn 1994; Suwabe et al. 2008).  

In addition, B. rapa is an interesting system for evolutionary genetic studies, because of 

its high diversity across agricultural varieties as well as non-agricultural weed 

populations.  B. rapa is also closely related to the model plant, Arabidopsis thaliana, and 

direct comparisons can be made between map positions in A. thaliana and B. rapa 

(Suwabe et al. 2002; Parkin et al. 2005).  QTL have been mapped for bolting (Nishioka 
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et al. 2005), flowering (Axelsson et al. 2001), seed color, and seed biochemistry 

(Teutonico et al. 1994; Zhao et al. 2008) in B. rapa, but little is known about the causal 

loci that influence fitness traits for this species, especially in natural environments.  

Understanding the QTL architecture within and among fitness components in B. rapa 

may help crop breeders select for alleles that improve seed yield in B. rapa and related 

species.    

 Numerous traits contribute to plant fitness.  Most obviously, overall seed 

production is dependent on the number of fruit produced by the plant, as well as the 

number of seeds in each fruit.  QTL have been identified for yield (fruit or seed 

production) in A. thaliana (Alonzo-Blanco et al. 1999; Simon et al. 2008), B. napus 

(Udall et al. 2006; Chen et al. 2007), B. juncea (Mahmound et al. 2005); chickpea 

(Cobos et al. 2007) and several grain crops (Li et al. 1997; Kato et al. 2000; Hittalmani et 

al. 2002; Hoarau et al. 2002).  QTL for seed number per fruit have been mapped in A. 

thaliana (Alonzo-Blanco et al. 1999) and B. juncea (Mahmound et al. 2005).  In addition 

to fruit and seed number characteristics, seed traits, such as seed size and viability are 

important components of fitness.  Seed size has been shown to be positively correlated 

with seedling size in several species (Roach & Wulff 1987; Krannitz et al. 1991) and 

seed yield in B. rapa (Elliot et al. 2007) and chickpea (Singh et al. 1990).  From an 

agronomic perspective, seed size and seed quality are equal in importance to seed yield 

for crops in which the seeds are consumed, and seed viability is essential to selecting 

seeds for planting (Bewley 1997; Bettey et al. 2000).  Seed size is often constrained by 

trade-offs with seed number (Harper et al. 1970), which may be due to antagonistic 

pleiotropy between seed size and the number of seeds per fruit (Alonzo-Blanco 1999).  

QTL have been identified for seed mass in A. thaliana (Alonzo-Blanco et al.  1999), 

several members of the legume family (Fatokun et al. 1992; Timmerman-Vaughan et al. 

1996; Maughan et al. 1996), tomato (reviewed in Doganlar et al. 2000), and Brassica 

species (Bettey et al. 2000; Mahmood et al. 2005).  Although numerous QTL have been 

mapped for fitness traits in several species, how the environment influences the 

expression of causal loci for these traits is not well understood.    
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 Competitive environments are a natural choice for investigating how QTL 

architecture differs by environment in B. rapa, because natural populations can occur in 

disturbed, open sites as well as dense agricultural fields.  In addition, crop varieties of B. 

rapa are typically grown in crowded stands, and seed yield is limited by plant density in 

B. rapa (Bilgili et al. 2003).  Above-ground crowding results in shifts in the ratio of red 

to far-red light (R:FR), because chlorophyll absorbs red light but allows far-red light to 

pass through (Smith 1982).  Plants detect differences in R:FR (also referred to as foliar 

shade) and respond with elongated stems and reduced branching (Smith 2000).  B. rapa 

has been shown to express genetic variation when grown in competitive treatments 

(Dechaine et al. 2007) and is likely to also express genetic variation in environmental 

responses, that is, QTL × environment interactions.  Significant QTL × environment 

interactions imply that either a QTL has phenotypic expression in only one environment 

or that QTL effects differ in magnitude across environments.  QTL with common (or 

antagonistic) effects across environments may constrain adaptive evolution, because 

selection in one environment may induce a correlated response in the second 

environment.  

 QTL × environment interactions for seed and seedling traits are also of interest as 

they may comprise a form of maternal effects.  Maternal effects are defined as the 

influence of the maternal parent on offspring phenotype beyond the equal chromosome 

contribution expected from each parent.  The maternal environment has been shown to 

strongly influence seed characters such as seed size and germination (reviewed in Roach 

& Wulff 1987; Stratton 1989; Schmid & Dolt 1994; Donohue et al. 2005).  In particular, 

germination is highly sensitive to environmental conditions in the maternal environment 

(reviewed in Gutterman 2000; Contreras et al. 2008; Donohue et al. 2008).  QTL that 

influence seed germination have been shown to differ across several germination 

environments in A. thaliana (van der Schaar et al. 1997; Alonzo-Blanco et al. 2003; 

Clerkx et al. 2004), B. oleracea (Bettey et al. 2000), and tomato (Foolad et. al. 1999), but 

less is known about how the maternal environment influences the expression of QTL for 

germination traits.  Effects of the maternal competitive environment on progeny 

phenotype are an important component to understanding the genetic basis of fitness 
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across environments, because they may influence fitness in the next generation (Donohue 

& Schmitt 1998; Galloway & Etterson 2007).   

 In this study, we map QTL in recombinant inbred lines (RILs) of B. rapa for 

several fruit and seed traits in non-competitive and competitive treatments in the field and 

simulated full sun, foliar shade (reduced R:FR), and neutral shade treatments in the 

greenhouse in order to examine how the competitive environment influences the 

expression of causal loci for fitness traits and maternal effects.  We first investigate the 

mininum number and effect size of QTL for fitness traits in the non-competitive (full sun) 

treatments within the field and within the greenhouse.  Then, we test for QTL × 

competitive treatment interactions within the field and greenhouse in order to investigate 

the influence of competition and shade on the QTL architecture of fitness traits and 

maternal effects.          
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METHODS 

 

Recombinant inbred lines  

 

 In this study, we used a segregating population of 160 RILs in B. rapa (syn. 

campestris) generated from a cross between a rapid-cycling line (IMB211) and the seed 

oil cultivar, Sarson (R500).  The parents are self-compatible and differ for several fitness 

traits including fruit number, fruit length, number of seeds per fruit, seed color, and seed 

size.  The F1 generation was self-fertilized, and the resulting F2s were propagated by 

single seed decent to the S5 generation (Poelman & Sleper 1995).  The S5 lines were 

obtained from T. C. Osborn and F. L. I. Luy at University of Wisconsin-Madison, who 

also characterized the genotypes of the S5 RILs at 227 markers spread over 10 linkage 

groups, representing the 10 chromosomes in B. rapa.  The linkage map was constructed 

using the 153 RILs that survived to bolting in the field or the greenhouse and genotypes 

were determined at all marker loci.  The map distances for each marker locus were 

calculated in centimorgans (cM) from the estimated recombination frequencies using the 

Kosambi mapping function in RQTL (R 2007).  Duplicate markers were removed, 

leaving 215 markers at unique positions in the final map.  The S5 lines were advanced for 

an additional generation (to S6) over the winter of 2003-2004 for the field experiment and 

2006-2007 for the greenhouse experiment.     

 

Field environment 

 

 This research was part of a larger study examining the quantitative genetic basis 

of shade-avoidance traits and their relationship to fitness in RILs of B. rapa.  A brief 

summary of the experimental design follows, but a more detailed description of the field 

environment (with figure) is available in Dechaine et al. 2007 and Chapter 1, Fig. 1.1, 

this volume.  From April 29-31, 2004, seeds of the 160 B. rapa RILs and 2 parental lines 

were planted into competitive and non-competitive in an agricultural field at the 

University of Minnesota, Saint Paul, MN.  The competitive environment consisted of 3 
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rows of 6 plants of a RIL planted at 5cm spacing, 20cm away from the next group of 

plants of a different RIL.  Of these 18 plants, the 4 center plants were treated as focal 

plants and each focal plant was surrounded by 8 neighbors.  In the non-competitive 

treatment, 4 plants of an RIL were planted at 20cm intervals, also 20cm away from the 

next RIL row.  Each combination of treatment and RIL was planted in 3 plots, generating 

3 sets of 4 replicate plants, or 12 plants total of each RIL in each treatment.  

 The RILs were naturally open-pollinated in the field.  They began to senesce in 

the first week of August, and after over 50% of the rosette leaves had senesced, fruits 

were counted on each plant, and 2 small/medium and 2 long fruits were collected from 3-

5 replicates of an RIL in each treatment.  On each collected fruit, fruit length was 

measured and seeds were counted.  After the fruit measurements were collected, seeds 

were pooled within a plant, and seed mass, seed area, and seed color were determined for 

each plant.  Seed mass was obtained as the average of 20 randomly chosen seeds from the 

collected fruit.  Ten seeds from each plant were then photographed and their area and 

color were determined using the computer program, ImagePro, which quantifies pixels in 

digital photographs of the sample (ImagePro Plus V4.5 2001).  The trait, seed color, was 

obtained as the score of the first principal component identified in principal components 

analysis (PCA), using varimax rotation, on pixel densities of three colors: red, green, and 

blue.  The first principal component, which was weighted most heavily in red and green, 

explained greater than 67% of the variation.   

     

Greenhouse environment 

 

 On April 17, 2007, we planted 18 replicates each of the 2 parental lines and 135 

of the 160 B. rapa RILs into 3x3x3in (7.923cm) pots, filled with Metromix 200 soil (Sun 

Gro Horticulture, Vancouver, Canada), in a greenhouse at the University of Minnesota, 

Saint Paul, MN.  Plants were fertilized with a onetime application of 1/8 teaspoon of 

Osmocote (The Scotts Company, LLC, Marysville, USA).  Plants were arranged in a 

split-plot design in which 6 blocks were each divided into 3 shade treatments that were 

applied at the start of bolting on May 4, 2007.  The 3 treatments were foliar shade, neutral 
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shade, and full sun.  The foliar shade treatment was created by placing a plastic PVC 

frame covered in green filters (Lee Filters, Burbank, Canada: #730, Liberty Green) over 

the plants.  The neutral shade and full sun treatments were created in the same way, 

except using white filters (#214, Full Touch Spun) or clear laminate, respectively.  Total 

R:FR and photosynthetic active radiation (PAR) on an overcast day (averaged over 

several measurements), as measured by a SKR 110, 660/730nm sensor (Skye Instruments 

Ltd., U.K. ) and LI-250A light sensor (LI-COR, USA), respectively, was R:FR = 0.6, 

PAR = 174 µmol m-2 s-1  in the foliar shade treatment, R:FR=1.1, PAR = 178 µmol m-2 s-

1 in the neutral shade treatment, and R:FR = 1.1, PAR = 280 µmol m-2 s-1 in the full sun 

treatment.  Significant QTL × environment interactions between the foliar shade and 

neutral shade treatments suggest QTL that are differentially expressed in response to 

R:FR, whereas QTL × environment interactions between the neutral shade and full sun 

treatments indicate QTL that are responsive to differences in PAR.   

 Five days after bolting, plants began flowering, and the number of open flowers 

was checked and recorded each day.  Flowers 6 and 7 were self-fertilized by hand on 

each plant.  If flowers 6 and 7 were aborted or missing, the next open flowers were hand-

pollinated in their place.  All other flowers were allowed to self-pollinate naturally.  In 

early June, the plants began to senesce.  At senescence, which was defined as in the field 

experiment, fruit were counted on each plant and fruits 6 and 7, or additional fruits that 

had been self-pollinated by hand, were collected on each plant.  The self-pollinated fruits 

were measured, and the seeds were counted in each fruit.  Seeds were pooled within a 

plant, and seed area, seed mass, and seed color were measured in the same way as 

described above.   

 Germination characteristics of the seeds collected in the greenhouse were also 

examined.  Seeds collected from the 2 parental lines and 99 RILs, 114 RILs, and 112 

RILs in the foliar shade, neutral shade, and full sun treatments, respectively, were pooled 

by line and treatment and then stored in darkness at room temperature; we were careful to 

pool close to equal numbers from each replicate within a line and treatment and not 

include any lines with fewer than 3 replicates per treatment in the germination 

experiment.  This artificially eliminates any lines with low viability in the greenhouse, 
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but it was impossible to gain enough replication to include them in the experiment.  Six 

replicates of 5-10 seeds per line × treatment combination were germinated in 3 Conviron 

E7/2 growth chambers (Controlled Environments Ltd., Winnipeg, Canada) in 2 temporal 

blocks from February 1-12, 2007, and from March 20-30, 2007.  One replicate of a line × 

treatment combination was located in each growth chamber and temporal block, and 

replicates were randomized within a growth chamber.  All seeds were planted onto 0.5% 

agar in 4.5cm diameter plastic Petri dishes under a green safe light and then allowed to 

imbibe water for 24h in darkness before being moved into the growth chambers.  Seeds 

were germinated under a 12-h photoperiod at 20°C, and each growth chamber was fitted 

with 8 white florescent lights (Silvania Octron, F038/871, 32W), 2 infrared lights 

(Industrial Infrared, F32T8/IR-750), and 4 incandescent lights (Sylvania Double Life, 

Soft White, 120V/75W) that generated a R:FR of 1.1 and PAR = 130 – 160 µmol m-2 s-1.  

Germination was checked each day for 10 days, and germination was scored if a seed’s 

cotyledons were green and open at least halfway.    

 

Quantitative genetic analysis 

 

 Fruit length is the length of the longest fruit collected.  Seeds-per-fruit is the mean 

number of seeds in the 2 long fruit from the field and the 2 self-pollinated fruit from the 

greenhouse.  Seed mass is the mean mass of 20 seeds per plant, and seed area and color 

are the mean values for the 10 seeds from each plant.  Germination percent and day were 

calculated by dividing the number of seeds germinated by the seed total and by averaging 

the germination days for all seeds in a replicate Petri dish, respectively.  Seed color and 

fruit length fit the assumption of normality in both the field and the greenhouse 

environments, but the other traits were transformed as follows:  in the field, fruit total and 

seed mass were log10 transformed, seeds-per-fruit was raised to the 0.25 power, and seed 

area was inverse, square root transformed.  Fruit total, seeds-per-fruit, seed mass, and 

seed area were square root transformed in the greenhouse.  Germination percentage was 

cubed, and germination day was inverse, square root transformed.  All transformations 

greatly improved normality and homoscedasticity. 
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   A restricted maximum likelihood (REML) approach (PROC MIXED, SAS 

2001) was used to partition variation attributable to RIL (VL), spatial blocking, and 

residual error (VR) by splitting the data by treatment and considering RIL and spatial 

blocking as random factors.  The spatial blocking terms were subplot in the field, plot in 

the greenhouse, and temporal block and growth chamber for the germination traits.  The 

broad-sense heritibilities were calculated as VL/VP, where VL equals the among-RIL 

variance component, and VP equals the total phenotypic variance, i.e., the sum of all 

variance components, for a trait.  Lsmeans, 95% confidence limits, and best linear 

unbiased predictor (BLUP) deviations were generated for each RIL using the transformed 

versions of the traits, BLUP deviations and lsmeans were summed, and the resulting 

values were back-transformed for use in the QTL analysis.  Parental lines, plants that died 

before bolting, and plants with 2 or fewer neighbors in the competitive treatment were 

removed from the analyses.  Final sample sizes ranged from 730 to 1160 (out of a 

possible 3600) in the field and 910 to 1400 (out of a possible 2466) in the greenhouse.  

BLUPs were also used to estimate genetic correlations (rG) among fitness traits across 

treatments within an experiment.  Correlations were always in the same direction and 

were of similar magnitude across competitive treatments within the field and greenhouse 

environments, and correlations were generally stronger under low competition, so only 

the correlations within the non-competitive and full sun treatments are reported.  Pearson 

correlation coefficients are shown, and the significance of each correlation was 

determined using a t-test (PROC CORR, SAS 2001) followed by Bonferroni corrections 

based on the number of comparisons in an environment.       

           In addition, the same REML models were used, without splitting by treatment, to 

test the fixed effects of treatment, and the random effects of RIL, RIL × treatment, and 

the spatial blocking terms on each trait.  The spatial blocking terms (excluding 

germination traits) were nested within treatment in these analyses.  For treatment, we 

report the degrees of freedom (df) and F-ratios that are automatically performed by the 

REML analyses, and the chi-squared values of the log-likelihood ratio (LLR) tests (df = 

1) are reported for the random effects.  In the greenhouse, treatment and RIL × treatment 

effects may be significant in some treatment combinations but not others.  We used 
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contrast statements to test effects of treatment.  To test RIL × treatment interaction 

effects, we sequentially removed each treatment from the model and tested if the RIL × 

treatment effect was still significant for the remaining two treatments.  Significant RIL × 

treatment effects across the full sun and neutral shade treatments indicate effects of PAR, 

whereas RIL × treatment across the neutral shade and foliar shade treatments indicate 

effects of light quality (R:FR).       

 

QTL-analysis 

 

 QTL for fitness traits were mapped using the composite interval mapping (CIM) 

procedure in QTL Cartographer (Basten et al. 1994, Wang et al. 2007).  We used the 

standard model (model 6) with a window size of 5cM.  QTL cofactors were selected 

using the forward-backward stepwise regression method with critical P values set at 0.05.  

The significance threshold of the likelihood-ratio test statistic (LR) was determined for 

each trait in each treatment independently by randomly permuting the BLUPs 1000 

times.  QTL with LRs significant at α = 0.05 and α = 0.075 are shown (Churchill & 

Doerge 1994; Doerge & Churchill 1996).  The position of the QTL peaks and their 

closest marker, as well as the 2-LOD support limits, which are LR ± 9.22 (LOD = 

LR/4.6), are shown (Van Ooijen 1992).  Additive effects and the total genetic variance 

explained by a QTL were calculated by QTL Cartographer and confirmed using a GLM 

model with all QTL detected in the genome-wide screen as main effects (Lynch & Walsh 

1997).  Additive effects are the difference between the means of the two homozygous 

genotypes at a given QTL divided by 2.  For a given locus, a positive additive effect 

indicates that the IMB211 parent allele conferred a higher mean for that trait.  An 

analysis of variance (ANOVA), which tested the effects of treatment, all significant QTL 

for the trait, and QTL × treatment effects on each genotypic trait mean (PROC GLM, 

SAS 2001), was used to test if QTL effects differed by treatment within an environment 

or across the field and greenhouse environments (Fry et al. 1998).  In the greenhouse, 

each combination of two treatments was examined separately for significant QTL × 

treatment interactions.                    
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RESULTS 

 

Quantitative genetic analysis in  the non-competitive field and greenhouse full sun 

treatments 

 

 To establish a preliminary understanding of the genetic architecture of fitness 

traits, we first investigated fruit and seed traits in the non-competitive treatment in the 

field and the full sun treatment in the greenhouse.  These treatments were chosen because 

in preliminary analyses they revealed the greatest number of QTL, and they were the 

most similar to each other in terms of competitive environment.  RILs produced more 

fruit in the non-competitive treatment but more seeds-per-fruit in the full sun treatment 

(Table 2.1).  Fruits were longer, and seeds were larger in area but smaller in mass in the 

full sun treatment than the non-competitive treatment.  Heritabilities were generally 

larger in the full sun treatment and ranged from 0.08 to 0.79 in the non-competitive 

treatment and 0.26 to 0.86 in the full sun treatment.   

 A few of the genetic correlations among traits were detected in both the full sun 

and non-competitive treatments, but several trait correlations were significant in only one 

or the other treatment (Table 2.2).  The positive correlation between seed mass and seed 

area was highly significant in both treatments.  Also, seeds-per-fruit was positively 

correlated with fruit length and fruit total and negatively correlated with seed color within 

each treatment.  In contrast, seed mass was significantly positively correlated with fruit 

length, fruit total, and seeds-per-fruit in the non-competitive treatment, and seed color 

was positively correlated with seed area in the full sun treatment, and these correlations 

were not significant in the other environment.  Germination percent was positively 

correlated with seeds-per-fruit and germination day was positively correlated with seed 

area in the full sun treatment, although these correlations were only marginally 

significant after Bonferroni correction.       
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QTL mapping across the non-competitive and full sun treatments 

 

 We mapped a total of 17 QTL in the full sun treatment (excluding germination 

QTL) and 10 QTL in the non-competitive treatment (Fig. 2.1, Table 2.3A, C).  For every 

trait, at least 1 more QTL was mapped in the full sun treatment than in the non-

competitive treatment, with the exception that 1 strong QTL, explaining 56-58% of the 

genotypic variance, was mapped for seed color in both treatments.   

 Within the non-competitive treatment, QTL for seed mass, seeds-per-fruit, and 

fruit total localized to a similar position on the first half of chromosome 1.  A second 

QTL for fruit total co-localized with fruit length from 23 – 30cM, also on chromosome 1.  

Non-significant QTL × treatment interactions and overlapping 2-LOD significance 

thresholds indicated that on chromosome 1 the QTL for seed mass, seeds-per-fruit, and 

fruit length in the non-competitive treatment also co-localized with QTL for the same 

traits in the full sun treatment.  QTL for fruit length on chromosome 6 and seed color on 

chromosome 9 also overlapped across the non-competitive and full sun treatments.   

 QTL within the full sun treatment mapped to the same or similar positions on 

several chromosomes (Fig. 2.1, Table 2.3C).  The QTL for seed area on chromosome 1 

co-localized with QTL for seed mass, fruit length, and germination percentage.  A QTL 

for fruit total in the full sun treatment also mapped to the same position as a QTL for fruit 

length on chromosome 6 and seed mass and seed area on chromosome 9.  A QTL for 

germination day co-localized with QTL for seeds-per-fruit on chromosome 7 and a QTL 

for fruit length on chromosome 10.  The QTL for seeds-per-fruit on chromosomes 2 and 

7, seed area on chromosome 3, 9, and 10, seed mass and fruit total on chromosome 9, and 

fruit length on chromosome 10, were present in the full sun treatment but not the non-

competitive treatment, as indicated by significant QTL × environment interactions.       
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Quantitative genetic analysis across treatments within the field or greenhouse 

environments 

 

 We further explored the effects of the competitive and shade treatments on the 

genetic architecture of seed and fruit traits. In the field environment, plants produced 

significantly more fruits in the non-competitive than in the competitive treatment (Tables 

2.1A, 2.4A).  No other traits differed significantly between field treatments.  Plants in the 

greenhouse environment produced significantly longer fruits in the full sun than the foliar 

shade or neutral shade treatments and fewer fruit in the foliar shade than in the full sun or 

neutral shade treatments (Tables 2.1B, 2.4B).  In addition, seeds germinated slightly 

earlier and to a higher percentage when matured under foliar shade than when matured 

under full sun.   

 RIL effects were highly significant for all traits in all treatments (Table 2.4).  

Variance components and broad-sense heritibilities (H2) were generally comparable 

between the non-competitive and competitive treatments in the field, except for fruit total 

and seeds-per-fruit, in which H2 was 2.5 times as great in the non-competitive treatment 

than the competitive treatment and twice as great in the competitive than the non-

competitive treatment, respectively (Table 2.1A).  In the greenhouse, H2 were also similar 

and exhibited a maximum difference of 0.15 (seeds-per-pod) between treatments (Table 

2.1B).  RIL × treatment effects were significant for fruit length and fruit total in the field 

environment and for all traits, except seed mass and germination day, in the greenhouse 

environment (Table 2.4).  RILs differed in their response to R:FR (foliar shade vs. neutral 

shade) and PAR (full sun vs. neutral shade) for seeds-per-fruit and germination percent. 

RIL × treatment interactions were significant only under a change in PAR for fruit total, 

seed area, and seed color, and a change in R:FR for fruit length (Table 2.4B).   
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QTL mapping across treatments within the field and greenhouse environments 

 

 In the field environment, we mapped 10 QTL in the non-competitive treatment, 

and 9 QTL in the competitive treatment (Fig. 2.1, Table 2.3A, B).  Several QTL in both 

treatments mapped to chromosome 1, and QTL for 1-2 traits mapped to chromosomes 2, 

4, 6, 8, and 9.  QTL × treatment interactions were significant (p<0.05) only for the lower 

fruit total QTL on chromosome 1 and the QTL for seed mass on chromosome 8 (Table 

2.4A).  The fruit total QTL was detected in the non-competitive treatment, whereas the 

QTL for seed mass was obseved in the competitive treatment.   

 We mapped a total of 53 QTL in the greenhouse: 23 QTL in the full sun 

treatment, 15 QTL in the foliar shade treatment, and 15 QTL in the neutral shade 

treatment (Fig. 2.1, Table 2.3 C, D, E).  Fourteen of these QTL mapped to chromosome 

1, and the rest were spread across chromosomes 2-10, except no QTL mapped to 

chromosome 5.  QTL × treatment effects were not significant for any trait, in that most 

QTL that were significant in only one treatment also displayed non-significant LR peaks 

in the other greenhouse treatments in similar positions to the significant QTL.   

 The majority of additive effects were negative, indicating that the IMB211 parent 

allele decreased the trait value at those QTL (Table 2.3).  Additive effects of QTL for the 

same traits and chromosome positions were always in the same direction.  Individual 

QTL explained from 6% (seed area in the neutral shade treatment) to 58% (seed color in 

the non-competitive treatment) of the total genotypic variance for a trait.
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DISCUSSION 

 

Field non-competitive and greenhouse full sun treatments 

 

 We examined the correlational pattern and QTL architecture of fruit and seed 

characters in RILs of B. rapa grown under multiple competitive treatments in the field 

and greenhouse.  First, we discuss the results from the non-competitive treatment in the 

field and the full sun treatment in the greenhouse as a baseline for understanding the 

genetic trade-offs among fitness traits.  These treatments are the most similar to each 

other across the field and greenhouse in terms of competitive environment.  Next, we 

compare the results from the non-competitive and full sun treatments to the competitive 

treatment in the field and foliar shade and neutral shade treatments in the greenhouse in 

order to investigate the sensitivity of fitness traits to competition.  Lastly, we discuss 

QTL × treatment effects on seed traits in the context of environmental maternal effects.  

 Heritibilities were lower on average in the non-competitive (0.08 – 0.79) than the 

full sun treatment (0.26 – 0.86).  Correspondingly, we mapped at least one more QTL in 

the full sun treatment than the non-competitive treatment for all but one trait, presumably 

because we were able to detect QTL of smaller effect in the greenhouse.  Percent genetic 

variance explained by detected QTL ranged from 5.7% to 56.1% in the full sun treatment 

and7.4% to 57.7% in the non-competitive treatment.  QTL × treatment interactions 

between the non-competitive and full sun treatments generally arose as a consequence of 

differences in QTL magnitude, i.e., a QTL with significant effects in the greenhouse was 

non-significant in the field.  These results are likely in part due to lower power in the 

field analyses resulting from smaller sample sizes (350 - 615, field vs. 420 - 710, 

greenhouse) and proportionally larger residual variances in the non-competitive than in 

the full sun treatment.  Fewer plants produced seeds in the field because many factors 

caused the field conditions to be less favorable for growth than in the greenhouse.  Some 

possible factors include temperature fluctuations, natural UV exposure, and the presence 

of insect (and other) herbivores in the field.  In addition, there was greater micro-

environmental variation in the field due to patchy germination and soil variation.   
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 Correlation patterns within the non-competitive and full sun treatments provided 

weak, if any, evidence for tradeoffs among fruit and seed traits.  Seeds-per-fruit was 

positively correlated with fruit length and fruit total and seed area and seed mass were 

positively correlated in both the field and the greenhouse.  In the non-competitive 

treatment, seed mass was positively correlated with all traits except seed color.  The 

positive correlation between seed mass and area and seeds-per-fruit suggests that the B. 

rapa RILs did not exhibit a seed size/number trade-off in the non-competitive treatment.  

In the full sun treatment, there was weak evidence for a seed size/number tradeoff, in that 

seeds-per-fruit was negatively correlated with seed color (which was positively correlated 

with seed mass and area), although there was no evidence for a direct negative correlation 

between seed mass and area and seeds-per-fruit in that treatment.  The lack of evidence 

for a seed size/ number tradeoff was supported by the QTL analysis, which suggested that 

the R500 allele conferred an increase in seeds-per-fruit, seed mass, seed area, and seed 

color at most QTL in the non-competitive and full sun treatments.     

 Most trait correlations were reflected in the QTL results, i.e., QTLs for correlated 

traits colocalized to the same region (as determined by overlapping 2-LOD support 

limits) and displayed additive effects in the same direction as the correlation.  The 

strongest example of co-localized QTL was on chromosome 1, where QTL were mapped 

for seeds-per-fruit, fruit length, and seed mass in both the non-competitive and full sun 

treatments and for fruit total in the non-competitive treatment and seed area in the full 

sun treatment.  The IMB211 allele conferred a negative additive effect for all QTL on 

chromosome 1 except the lower fruit total QTL.  QTL that co-localize among traits 

suggest either that one or a few loci pleiotropically affect these traits or that there is 

linkage disequilibrium among causal loci.  In addition, these results suggest that the 

evolution of one fruit or seed trait is likely constrained by its relationship to the others.     

 In addition to the QTL on chromosome 1, QTL for fruit length co-localized in the 

non-competitive and full sun treatments on chromosome 6, as did QTL for seed color on 

chromosome 9.  For seed color, we mapped QTL only to chromosome 9, accounting for 

58% and 56% of the genetic variance in the non-competitive and full sun treatments, 

respectively.  Up to 19 QTL for seed color have been identified in different environments 
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and RIL populations of B. napus, but 1 QTL of large effect (always explaining >30% of 

the variance) on chromosome 9 was present in all cases tested (Fu-You et al. 2007).  The 

candidate gene TT10, which encodes an enzyme involved in the accumulation of pigment 

in the seed coat, was identified in the region underlying this QTL (Fu-You et al. 2007).  

B. rapa and B. napus express high colinearity on chromosome 9 (Suwabe et al. 2008), 

and the seed color QTL were located slightly above the center of chromosome 9 in both 

species.  Therefore, it is possible that the TT10 locus is conserved in B. rapa.  A synteny 

map between the B. rapa RILs used in this study and B. napus would be necessary to 

better support this hypothesis.  Trait correlations and QTL regions that are conserved 

across the field and greenhouse suggest influential genetic regions that affect fruit and 

seed traits over multiple environments.         

   

QTL × environment interactions across competitive treatments  

 

 In addition to examining the QTL architecture of fitness traits in non-competitive 

(full sun) environments, we also explored how competition in the field and foliar shade 

and neutral shade treatments in the greenhouse affect the expression of QTLs.  We found 

significant RIL × treatment interactions for fruit length and fruit total in the field and all 

traits except seed mass and germination day in the greenhouse.  The majority of RIL × 

treatment effects in the greenhouse were significant when comparing the full sun and 

either of the two shade treatments, indicating that RILs were differentially responsive to 

differences in PAR but not differences in R:FR.  RILs did vary in their response to the 

R:FR environment for fruit length, seeds-per-fruit, and germination percent.  Despite 

several RIL × treatment interactions, QTL × treatment interactions were only significant 

for 2 QTL and only between the non-competitive and competitive treatments in the field.  

The lower QTL for fruit total was detected only in the non-competitive treatment and the 

seed mass QTL on chromosome 8 was detected only in the competitive treatment. 

Several other traits in the greenhouse and field appeared to express QTL that were unique 

to one treatment, but significant QTL were typically accompanied by small LR peaks for 

all treatments within the field and greenhouse environments.  Our results suggest that the 
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underlying QTL of large effect for all fruit and seed traits that we examined (except one 

QTL for fruit total and one QTL for seed mass) are highly conserved across competitive 

treatments.  

 

Environmental maternal effects 

 

 QTL × treatment effects for seed traits can be a form of maternal effects if they 

indicate that the genetic architecture of the trait is sensitive to the maternal (seed 

maturation) environment. We found significant effects of the maternal (greenhouse) 

treatment on germination percentage and day.  The RILs germinated significantly earlier 

when seeds were matured under foliar shade than in full sun, which is expected to be 

adaptive in weedy species like B. rapa, because it allows plants to accumulate resources 

in advance of their competitors (Fowler 1984; Kalisz 1986; Weinig 2000).  As discussed 

above, we also found significant RIL × treatment interactions for several traits in the 

greenhouse, suggesting that maternal genotypes differed in their sensitivity to 

experimental conditions.  Nevertheless, we were unable to detect different QTL across 

maternal environments, possibly because many contributing loci are of small effect size 

and therefore, below the power of the current study to detect.  We were able to detect a 

unique QTL on chromosome 8 for seed mass in the competitive treatment that explained 

8.4% of the genotypic variance for that trait.  We also mapped two significant QTL for 

germination day in seeds matured in the foliar shade treatment that would have likely 

exhibited a significant QTL × treatment interaction if they were of larger effect,  i.e., 

there was no evidence of LR peaks in proximal regions for the same trait in other 

maternal treatments.  These QTL explained 9.6% (chromosome 2) and 7.5% 

(chromosome 6) of the genetic variance and had additive effects of similar magnitude in 

the positive and negative directions, respectively.  QTL mapped solely in seeds matured 

under foliar shade may be involved in the regulation of seed germination by maternal 

R:FR.  Several studies have shown that R:FR in the maternal environment influences 

seed germination (McCullough & Shropshire 1970; Hayes & Klein 1974; Cresswell & 

Grime 1981; Chapter 3, this volume).  In this study, the RILs germinated significantly 



58 
 

earlier when seeds were matured under foliar shade than in full sun; in a separate study, 

we have shown a similar response is partially mediated by phytochromes in A. thaliana 

(Chapter 3, this volume).  Preliminary exploration of synteny maps between A. thaliana 

and B. napus and B. napus and B. rapa suggest that PHYA may be located in the region 

of the foliar-shade specific germination day QTL on chromosome 6 (Parkin et al.2005; 

Suwabe et al. 2008).  It is too early to determine whether genes in the phytochrome 

pathway underlie the foliar shade specific QTL for germination day in this study, because 

their map locations are unknown, but a synteny map between our B. rapa linkage map 

and A. thaliana is currently in development, which will allow us to better test this 

hypothesis.   

 

Caveats 

 

 There are several caveats associated with studying the genetic relationships 

between fruit and seed traits using RILs and a QTL-mapping approach.  First, although 

the parental lines used to generate the RILs in this study are naturally selfing, B. rapa in 

the wild are typically self-incompatible.  Consequently, B. rapa do not readily form RILs 

in the wild, which must be considered when interpreting our results for wild plants.  On 

the other hand, inbred lines are often generated for crop Brassicas and may occur in 

weedy crop-wild hybrid populations.  Therefore, identifying the causal loci for fruit and 

seed traits in RILs of B. rapa is widely applicable, particularly for understanding the 

genetic basis of yield across various environmental conditions.  A second consequence of 

our mapping population is that the RILs likely harbor varying levels of inbreeding 

depression.  Heterogeneity in inbreeding depression may increase among trait 

correlations, for example, if short plants also produce small leaves and have low fitness.  

In accordance, this may result in the identification of QTL that indirectly affect several 

traits through inbreeding depreesion, possibly even a QTL at the self-incompatibility (SI) 

locus.  Nevertheless, we identified several co-localized QTL in both the field (in which 

plants outcrossed naturally) and the greenhouse (in which plants were self-pollinated by 

hand).  We also identified several more QTL in the greenhouse than in the field.  
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Therefore, it is likely that many of the QTL identified in this study are biologically 

interesting components of fruit and seed traits.   

 QTL mapping may provide important insights into mininum number and effect 

size of causal loci, but there are also several limitations to this approach.  First, the 

detection of QTL is limited to the allelic variation between the two parental lines. The 

parental lines used to generate the RILs in this study were phenotypically different for all 

fruit and seed traits examined, but they still represent only a small proportion of the 

possible natural genetic variation for a trait.  QTL studies are also limited by 

experimental power, which is largely determined by the number of lines assessed and 

their replication.  Studies with lower power will only detect QTL of large effect and the 

effect sizes of the QTL detected may be overestimated.  In our study, we were able to 

detect QTL that explained >6% of the variation for a trait.  For these reasons, the QTL 

detected in this study represent only the mininum number of possible loci for a trait.  In 

addition, distinguishing pleiotropy from tight linkage and identifying the causal loci 

underlying a QTL can be challenging.  QTLs typically represent many genes, and more 

than one of those genes may affect a particular trait.  Therefore, QTL mapping must 

represent a first step in understanding the genetic basis of a trait.  Other approaches such 

as association mapping, near-isogenic lines (NILs), and genetic mutant screens may be 

applied to confirm the function of specific loci (Mauricio 2001).  Regardless of these 

challenges, QTL mapping is an important approach for understanding the genetic basis of 

complex traits, especially in examining QTL by environment interactions in non model 

systems.   

 

Conclusions 

 

 In the field non-competitive and greenhouse full sun treatments several fitness 

traits were correlated across treatments and mapped QTL to the same region on 

chromosome 1.  Co-localized QTL are likely regulated by one or a few loci with 

pleiotropic effects or that are in linkage disequilibrium, and the evolution of one trait may 

be constrained by its relationship to the others.  QTL × treatment interactions across the 
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non-competitive and full sun treatments were generally due to QTL that were mapped in 

the greenhouse but not detected in the field, presumably because of greater environmental 

variation in the field.  QTL varied across competitive and shade treatments within the 

field and greenhouse environments for total fruit and seed production but were generally 

conserved across treatments for the other components of fitness.  In addition, we 

identified QTL that were present only in seeds matured under foliar shade for seed mass 

and germination day, which may improve our understanding of the genetic basis of 

maternal effects in competitive environments.  This study presents a first step in 

understanding how competitive environments affect the genetic architecture of fitness 

traits, and future studies may move toward identifying the specific loci that underlie the 

QTL of interest.   
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Table 2.1. Descriptive statistics and quantitative genetic partitioning for fruit and seed 
characters of Brassica rapa recombinant inbred lines (RILs) grown in competitive 
environments in the field and greenhouse.  Least-squared means (lsmeans), 95% 
confidence limits (CL), and variance components for fruit and seed traits of B.rapa RILs 
grown in A) non-competitive and competitive treatments in an agricultural field and B) 
full sun, foliar shade, and neutral shade treatments in a greenhouse.  The competitive 
treatment was generated by growing B. rapa RILs in the presence of up to 8 neighboring 
plants of the same RIL in an agricultural field.  Plants in the non-competitive treatment 
were grown in the same field minus neighbors. The full sun, foliar shade, and neutral 
shade treatments were generated by shading potted B.rapa RILs with clear, green, or 
white filters, respectively.  Fruit length, seed area, and seed mass were measured in mm, 
mm2, and mg, respectively.  Fruit total is per plant.  Seed color is a single factor principal 
component of red, green, and blue colors; a positive number indicates more red and 
green, i.e., purple seeds.  Columns 4-9 show the restricted maximum-likelihood estimates 
of the among-RIL variance component (VL), the residual variance component (VR), and 
the broad sense heritability (H2), calculated as VL/(VP); VP is the total phenotypic 
variance component.  Sample sizes range from 350 (seed area and color in competitive) 
to 615 (fruit total in non-competitive) in the field and 420 (seed area and color in foliar 
shade) to 710 (fruit total in full sun) in the greenhouse. 
 
Table 2.1A.  Descriptive statistics and variance components in the field treatments 

  Lsmeans (95% CL) VL VR H2 (VL/VP) 

Trait Non-competitive 
(NC) 

Competitive 
(C) 

NC C NC C NC C 

               
Fruit Length 
(mm) 

39.07 39.17 36.21 26.50 69.00 51.72 0.33 0.32 

(37.3-40.84) (37.32-41.03)       

Fruit Total 
per plant 

19.12 11.60 0.48 0.14 1.05 1.30 0.30 0.10 

(15.22-24.01) (9.14-14.73)       

Seeds-per-
Fruit 

3.41 2.80 0.03 0.08 0.31 0.34 0.08 0.19 

(2.31-4.85) (1.83-4.13)       

Seed Mass 
(mg) 

2.64 2.54 0.01 0.01 0.03 0.04 0.23 0.20 

(2.48-2.81) (2.38-2.70)       

Seed Area 
(mm2) 

1.53 1.47 0.002 0.003 0.005 0.006 0.26 0.30 

(1.44-1.62) (1.38-1.57)       

Seed Color 0.04 0.00 0.59 0.53 0.15 0.23 0.79 0.69 

(-0.11-0.19) (-0.16-0.16)       
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Table 2.1B. Descriptive statistics and variance components in the greenhouse treatments  

 Lsmeans (95% CL) VL VR H2 (VL/VP) 

Trait Full Sun (S) 
Foliar Shade 
(FS) 

Neutral Shade 
(NS) 

S FS NS S FS NS S FS NS 

                  
Fruit Length 
(mm) 

50.38 48.41 47.90 106.94 98.36 84.93 71.44 71.90 53.34 0.60 0.57 0.61 

(48.30-52.47) (46.32-50.50) (45.82-49.99)          

Fruit Total    
(per plant) 

9.44 7.40 10.56 0.64 0.64 0.60 1.36 1.10 1.05 0.30 0.35 0.36 

(7.78-11.26) (5.94-9.03) (8.80-12.47)          

Seeds-per-Fruit 8.52 7.58 8.66 0.57 0.74 0.62 0.77 0.57 0.66 0.42 0.57 0.48 

(7.49-9.61) (6.61-8.63) (7.62-9.77)          

Seed Mass 
(mg) 

1.99 1.87 1.96 0.02 0.02 0.02 0.02 0.02 0.04 0.49 0.64 0.68 

(1.86-2.14) (1.74-2.01) (1.82-2.10)          

Seed Area 
(mm2) 

1.99 1.95 1.98 0.01 0.01 0.01 0.005 0.007 0.006 0.65 0.64 0.68 

(1.91-2.08) (1.87-2.04) (1.90-2.07)          

Seed Color 0.06 0.12 0.05 0.86 0.90 0.97 0.14 0.10 0.12 0.86 0.90 0.89 

(-0.12-0.23) (-0.06-0.29) (-0.12-0.22)          

Germination 
Percent 

0.98 0.94 0.95 0.02 0.02 0.02 0.04 0.05 0.03 0.30 0.26 0.37 

(0.75-1.11) (0.73-1.09) (0.73-1.09)          

Germination     
Day 

3.33 3.38 3.43 0.002 0.002 0.002 0.002 0.002 0.002 0.26 0.26 0.31 

(1.50-12.92) (1.51-13.20) (1.53-13.74)             
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Table 2.2. Broad-sense genetic correlations among fruit and seed traits in B. rapa RILs grown in the field non-competitive (below 
diagonal) and greenhouse full-sun (above diagonal) treatments.  Pearson correlation coefficients and p-values among back-
transformed best linear unbiased predictors (BLUPs).  Correlations highlighted in bold are significant after a Bonferroni correction for 
multiple tests, based on the number of tests within an environment.  Correlations in italics are P <0.01, but not significant after 
Bonferroni correction.        

 

  Fruit 
Length 

Fruit Total Seeds-per- 
Fruit 

Seed Mass Seed Area Seed Color Germination 
Percent 

Germination 
Day 

         
Fruit Length  0.15709 0.59332 0.19917 0.14822 -0.05116 0.08356 0.16963 

  0.0699 <.0001 0.0236 0.0911 0.5617 0.3811 0.0738 

         
Fruit Total 0.27674  0.32318 -0.05479 -0.1286 -0.12205 0.00107 -0.15457 

 0.0018  0.0002 0.5375 0.1432 0.1649 0.9911 0.1037 

         Seeds-per-Fruit 0.26761 0.20235  0.05637 -0.0957 -0.2051 0.25124 -0.00436 

 0.0024 0.0236  0.5274 0.2769 0.0188 0.0075 0.9636 

         
Seed Mass 0.40999 0.32851 0.35242  0.88509 0.24132 0.25935 0.20785 

 <.0001 0.0003 <.0001  <.0001 0.0061 0.0058 0.0279 

         
Seed Area 0.28986 0.16447 0.18088 0.65925  0.31936 0.07752 0.29827 

 0.0015 0.0764 0.05 <.0001  0.0002 0.4165 0.0014 

         
Seed Color 0.00164 0.13863 -0.32208 -0.08471 -0.06137  0.09393 -0.04694 

 0.986 0.1361 0.0004 0.3681 0.511  0.3246 0.6231 
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Table 2.3. QTLs for fruit and seed characters of B. rapa RILs grown in competitive 
environments in the field and greenhouse.  QTLs are shown for the A) field non-
competitive, B) field competitive, C) greenhouse full sun, D) greenhouse foliar shade, 
and E) greenhouse neutral shade treatments.  Composite interval mapping was used to 
map QTLs.  Columns 2-4 present the chromosome location, the map position in cM, 
including the range of the 2-LOD support limits in cM, and the nearest marker for each 
QTL significant at α = 0.05.  QTLs marked with a caret (^) are significant at α = 0.075.  
Column 5 indicates the additive effect of the IMB211 allele for each QTL.  The last 
column presents the percent variance explained by each qtl (r2).        

 

Table 2.3A. QTLs in the field non-competitive treatment. 

Trait Chromosome 
Map position                 
(2-LOD)  in cM 

Nearest 
marker 

Additive 
effect (α) 

% Variance 
explained 

      

Fruit Length 1 21.72 (18.37-30.34) fito083 -1.96 15.7 

 6 43.02 (37.46-47.02) pX136dE 1.29 7.4 

 8 0.01 (0.01-14.35) BRMS006 -1.34 7.6 

      

Fruit Total 1 0.38 (0.00-8.28) pW249dX -2.90 7.4 

 1 28.34 (22.87-32.06) pX136bE -3.43 10.6 

      

Seeds-per-Fruit 1 8.28 (1.92-16.52) fito133a -0.42 9.5 

 4 65.67 (57.41-65.67) pW178bE 0.41 8.7 

      

Seed Mass 1 12.29 (8.28-16.52) pX106aH -0.11 22.2 

      

Seed Area 4^ 38.28 (31.71-48.67) pW104aE -0.04 7.4 

      

Seed Color 9 37.34 (36.00-38.36) fito367b -0.56 57.7 
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Table 2.3B. QTLs in the field competitive treatment.    

Trait Chromosome Map position                 
(2-LOD)  in cM 

Nearest 
marker 

Additive 
effect (α) 

% Variance 
explained 

      

Fruit Length 6 43.02 (39.94-47.02) pX136dE 1.56 10.8 

 6 70.01 (67.02-81.43) fito041 -1.35 8.7 

      

Fruit Total 1 0.38 (0.00-4.28) pW249dX -1.88 10.6 

      

Seed Mass 1 18.37 (12.29-26.34) fito516 -0.07 10.9 

 8 0.00 (0.00-14.35) pW177aE -0.06 8.4 

      

Seed Area 2 42.01 (30.95-43.77) pW251aE 0.05 9.9 

 4 38.28 (31.71-48.67) pW104aE -0.05 10.0 

 6 70.01 (51.02-81.43) fito041 -0.04 7.5 

      

Seed Color 9 38.67 (36.34-42.67) fito555 -0.52 50.5 
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Table 2.3C. QTLs in the greenhouse full sun treatment. 

Trait Chromosome Map position                 
(2-LOD)  in cM 

Nearest 
marker 

Additive 
effect (α) 

% Variance 
explained 

      Fruit Length 1 22.10 (20.20-26.34) pW108aE -4.46 21.4 

 1 48.27 (34.87-50.72) pX122aH 2.55 6.5 

 6 43.02 (37.46-47.02) pX136dE 2.34 5.7 

 10 39.84 (30.38-45.55) pW129dH 3.40 11.7 

      
Fruit Total 3 88.48 (79.12-93.03) pW177aH -1.55 12.6 

 6 46.83 (29.60-67.02) fito227 1.27 8.5 

 9 59.84 (52.29-66.41) fito151a 1.47 11.7 

      
Seeds-per-Fruit 1 21.72 (15.23-24.87) fito083 -1.67 15.4 

 2 58.72 (50.86-66.40) fito473 -1.24 7.1 

 7^ 17.72 (0.01-23.07) fito105 -1.06 6.2 

      
Seed Mass 1 30.34 (16.52-36.27) pX136bE -0.14 11.5 

 9 63.31 (52.29-66.41) pW246cX -0.12 9.5 

      
Seed Area 1 30.34 (24.87-48.27) pX136bE -0.09 7.7 

 3 66.91 (55.17-72.60) fito378c -0.08 6.2 

 9 55.84 (52.29-66.41) fito151a -0.10 11.1 

 10 41.55 (34.73-51.55) pW120aX 0.08 7.2 

      
Seed Color 9 37.34 (36.34-38.01) fito367b -0.73 56.1 

      
Germination Percent 1 36.27 (32.06-48.72) pX122aH -0.01 8.5 

 3 27.12 (19.39-31.30) pW152cH 0.02 10.4 

  4^ 54.67 (48.67-61.67) pX111eD -0.02 9.8 

      
Germination Day 7 18.95 (6.01-23.81) pW108aH -0.17 10.9 

 8 30.50 (22.79-34.50) pW245bX -0.13 6.8 

  10 23.43 (17.91-29.69) pW155cX 0.22 20.7 
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Table 2.3D. QTLs in the greenhouse foliar shade treatment. 

 

Trait Chromosome 
Map position                 
(2-LOD)  in cM 

Nearest 
marker 

Additive 
effect (α) 

% Variance 
explained 

      

Fruit Length 1 22.10 (20.20-26.34) pW108aE -4.33 21.5 

 10 34.73 (30.38-45.55) pX144fH 3.40 12.4 

      

Fruit Total 9 66.41 (52.29-66.41) pW128cH 1.21 9.8 

      

Seeds-per-Fruit 1 16.52 (15.23-18.37) pX151aH -1.36 10.4 

 2 58.72 (47.38-66.40) fito473 -1.25 7.2 

 7 23.36 (15.35-29.17) fito066a -1.10 6.6 

      

Seed Mass 1 30.34 (22.87-34.87) pX136bE -0.10 13.6 

      

Seed Area 1 30.34 (24.87-46.27) pX136bE -0.10 8.9 

 9 63.31 (52.29-66.41) pW246cX -0.11 11.3 

      

Seed Color 9 37.34 (36.34-38.01) fito367b -0.65 39.2 

      

Germination Percent 4^ 54.67 (47.28-65.67) pX111eD -0.02 9.0 

      

Germination Day 2 77.26 (70.4-85.26 pW249aX 0.15 9.6 

 6 40.27 (31.60-43.02) fito016 -0.13 7.5 

 7 6.01 (0.00-14.19) BRMS040 -0.16 11.2 

  10 21.91 (11.21-29.69) FLC1aE 0.16 11.1 
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Table 2.3E. QTLs in the greenhouse neutral shade treatment. 

Trait Chromosome 
Map position                 
(2-LOD)  in cM 

Nearest 
marker 

Additive 
effect (α) 

% Variance 
explained 

      
Fruit Length 1 22.10 (20.20-26.34) pW108aE -4.39 22.4 

 10 34.73 (30.38-41.55) pX144fH 3.59 13.9 

      

Fruit Total 9 66.41 (53.84-66.41) pW128cH 1.60 12.3 

      

Seeds-per-Fruit 1 16.52 (9.22-18.37) pX151aH -1.53 13.1 

 2 58.72 (48.86-66.40) fito473 -1.35 8.3 

      

Seed Mass 1 30.34 (24.87-36.27) pX136bE -0.15 13.0 

 4 54.67 (48.67-61.67) pX111eD -0.13 10.2 

      

Seed Area 1 32.06 (24.87-36.27) fito222 -0.09 8.1 

 3 66.91 (55.17-72.60) fito378c -0.08 6.0 

 9 64.41 (52.29-66.41) pW128cH -0.11 11.7 

 10^ 41.55 (34.73-55.55) pW120aX 0.08 5.7 

      

Seed Color 9 40.67 (38.36-44.67) fito555 -0.68 47.0 

      

Germination Percent 4^ 57.67 (47.28-65.67) pW178bE -0.02 8.7 

 9^ 37.34 (31.48-44.79) fito367b -0.02 8.2 

      

Germination Day 7 17.72 (2.01-22.95) fito105 -0.19 14.9 
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Table 2.4.  Tests of significance for fruit and seed trait of B.rapa RILs grown under competitive environments in the field and 
greenhouse.  Restricted maximum likelihood (REML) analyses for fruit and seed traits of B. rapa RILs grown in A) non-competitive 
and competitive treatments in the field and B) full sun, foliar shade, and neutral shade treatments in the greenhouse.  F-statistics for 
fixed effects of treatment (TRT) were generated by the REML analyses.  To examine in which greenhouse treatments the RIL x TRT 
effects were significant, the model was reexamined for each pair of greenhouse treatments; the treatment pairs with significant RIL x 
TRT effects are shown below the RIL x TRT F-statistics in 2.2B: full sun (S), foliar shade (FS), neutral shade (NS).  Log-likelihood 
ratio (LLR) tests using a chi-squared distribution with 1 degree of freedom were used to test significance of random effects. 

Table 2.4A.  REML analysis in the field treatments 

 Random effects       Chi-squared values 

Main Effects Fruit Length Fruit Total 
Seeds-per-
Fruit 

Seed Mass Seed Area Seed Color 

Plot (TRT) 5.5*** 2.2*** 20.8*** 39.7*** 39.7*** 29 .8*** 

RIL 163.6*** 93.4*** 35.0*** 70.2*** 95.1*** 610.6* ** 

RIL*TRT 5.4* 5.3* 1.4 0.6 0.9 2.4 

  Fixed effects           F-values 

 df F df F df F df F df F df F 

TRT F1,15 0.0 F1,13 12.1** F1,15 0.6 F1,13 1.0 F1,15 1.0 F1,13 0.3 

*p<0.05  **p<0.01  ***p<0.001       
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Table 2.4B. REML analysis in the greenhouse treatments 

 

 Random effects       Chi-squared values 

Main Effects Fruit Length Fruit Total 
Seeds-per-
Fruit 

Seed Mass Seed Area Seed Color 
Germination 
Percent 

Germination 
Day 

Plot (TRT) 2.3 43.6*** 1.6*** 1.9 14.2*** 0.0 4.2* 76.6*** 

RIL 1112.2*** 501.7*** 613.9*** 732.4*** 1183.9*** 2411.1*** 265.0*** 475.2*** 

RIL*TRT 11.8*** 14.4*** 18.0*** 1.9 15.0*** 8.9** 64.6*** 0.0 

Cue for 
RIL*TRT effect 

R:FR 
 

PAR 
 

R:FR 
PAR 

― 
PAR 
 

PAR 
 

R:FR 
PAR 

― 

  Fixed effects           F-values 

 df F df F df F df F df F df F df F df F 

TRT F2,18 4.0* F2,16 4.8* F2,21 2.5 F2,15 1.2 F2,16 0.5 F2,18 1.5 F2,204 4.3* F2,200 3.7* 

*p<0.05  **p<0.01  ***p<0.001            
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FIGURES 

 

Figure 2.1. QTLs for fruit and seed traits for Brassica rapa RILs grown in competitive 
environments in the field and greenhouse.  QTLs were mapped using composite interval 
mapping in QTL Cartographer.  QTLs on chromosome 1 (Ch-1) are shown separately for 
the field and greenhouse environments for ease of interpretation.  Treatments within each 
environment are indicated by coloring and shading: field non-competitive - black/filled 
bars, field competitive – grey/filled bars, greenhouse full sun – black/hatched bars, 
greenhouse foliar shade – grey hatched bars, greenhouse neutral shade – grey/open bars.  
The competitive treatment was generated by growing B. rapa RILs in the presence of up 
to 8 neighboring plants of the same RIL in an agricultural field.  Plants in the non-
competitive treatment were grown in the same field minus neighbors. The full sun, foliar 
shade, and neutral shade treatments were generated by shading potted B.rapa RILs with 
clear, green, or white filters, respectively.  The position of each QTL is denoted with a 
bar indicating the 1-LOD support limits for the QTL that extends on each side to the 2-
LOD support limits.  QTLs are significant at α = 0.05, except for the italicized QTLs that 
are significant only at α = 0.075.  No QTLs were mapped to chromosome 5.  MapChart 
software was used to create the figure (Voorrips 2002).            
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Figure 2.1 cont. 
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 Figure 2.1 cont. 
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CHAPTER 3 

 

Phytochromes differentially mediate seed germination responses to light quality and 
temperature cues during seed maturation 

 

ABSTRACT 

 

 It is well-documented that the ratio of red to far-red light (R:FR) experienced by 

seeds during maturation affects germination patterns, but the genetic regulation of this 

effect is poorly understood.  In Arabidopsis thaliana, responses to R:FR are governed by 

a family of 5 phytochrome photoreceptors, PHYA – PHYE.  PHYA, PHYB, and PHYE 

have been shown to mediate germination, but the roles of these loci in regulating 

germination responses to the seed maturation environment are largely unknown.  In the 

current study, seeds of A. thaliana mutants that exhibit loss of function in one or more 

phytochrome genes and seeds of 9 A. thaliana ecotypes were matured in a factorial 

combination of cold (16°C) and warm (24°C) temperatures and high and low R:FR 

environments, resembling sunlight (R:FR = 1) and foliar shade (R:FR = 0.6), 

respectively.  Resulting seeds were germinated for 10 days at 20°C in R:FR = 1.  All 5 A. 

thaliana phytochromes partially mediated germination responses to seed maturation 

temperature and/or R:FR conditions.  PHYA suppressed germination in seeds matured 

under cold, and PHYB was necessary for high germination under the same conditions.  

Functional PHYD and PHYE were necessary for high germination of seeds matured under 

warm (and high R:FR), but this effect diminished when seeds were matured under 

reduced R:FR.  In addition, A. thaliana ecotypes exhibited extensive variation for 

phytochrome-mediated effects of seed maturation environment on germination.  Overall, 

our results support the hypothesis that the role of individual PHY loci in regulating plant 

responses to R:FR varies depending on temperature and provide novel insights into the 

genetic basis of maternal effects on seed germination in A. thaliana. 
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INTRODUCTION 

 

 Plants rely on environmental cues to direct life-history processes.  In species that 

disperse seeds close to the maternal plant, the seed maturation environment may be a 

reliable indicator of the environmental conditions in subsequent generations (Donohue & 

Schmitt 1998).  The timing of seed germination is highly sensitive to several aspects of 

the seed maturation environment, including water stress, soil nutrients, photoperiod, 

temperature, and light quality (reviewed in Gutterman 2000; Contreras et al. 2008; 

Donohue et al. 2008).  Light quality, i.e., the ratio of red (R) to far-red (FR) light (R:FR), 

experienced by the maternal plant during seed development is predictive of canopy 

conditions; a low R:FR indicates below-canopy or competitive conditions, because 

chlorophyll selectively absorbs light in the red region of the spectrum while transmitting 

FR light (Smith 1982).  A high R:FR indicates open sunlit gaps, which are favorable for 

germination and plant growth.  Canopy conditions during seed maturation influence 

germination timing in a number of species (Schmitt et al. 1992; Donohue & Schmitt 

1998; Gutterman 2000; Orozco-Segovia et al. 2000), and these effects have recently been 

shown to be adaptive in the wild (Galloway & Etterson 2007).    

 In Arabidopsis thaliana, responses to R:FR are governed by a family of 5 

phytochrome photoreceptors, PHYA – PHYE (Sharrock & Quail 1989).  Their gene 

products fall into two classes: Type 1 includes phyA, which increases to high levels in 

dark-grown seeds and seedlings and then rapidly declines in light.  All remaining 

phytochrome proteins are Type 2 and are relatively stable in R light (Sharrock & Clack 

2002).  The phytochrome protein is synthesized in the inactive, R light absorbing form 

(Pr), which then photoconverts to the active, FR light absorbing form (Pfr) in response to 

R light.  Pfr reverts to Pr in FR light or over a dark period.  Unique functions for each 

phytochrome species have been identified at several stages of plant development, such as 

seed germination, growth, and flowering (reviewed in Quail 2002).  

 Photoreversible phytochrome effects have been observed in seed germination for 

many years (Borthwick et al. 1952).  More recently, roles for specific phytochromes in 

regulating germination responses have been demonstrated.  In A. thaliana, PHYA induces 
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germination under very low fluence (VLFR, <1µmol m-2) light ranging in wavelength 

from 300 to 780 nm (Shinomura et al. 1996) and under heavy canopy shade (R:FR <0.05) 

in the field (Botto et al. 1996).  Under continuous FR light, this VLFR is also dependent 

on the presence of PHYE (Hennig et al. 2002).  PHYA and PHYB interact to mediate 

germination under low fluence R light (LFR, >10µmol m-2) in A. thaliana (Botto et al. 

1995; Botto et al. 1996; Shinomura et al. 1996).  In tomato, PHYB appears to be solely 

responsible for LFR, whereas PHYA inhibits germination under continuous R or FR light 

(Appenroth et al. 2006).       

 Phytochromes are not only sensitive to the germination environment, but may also 

mediate the effects of light quality during seed maturation on subsequent germination.  A. 

thaliana seeds matured under a high R:FR germinate in darkness, but seeds matured 

under environments rich in FR light require light to germinate, and this effect is R:FR 

reversible (McCullough & Shropshire 1970; Hayes & Klein 1974).  A possible 

mechanism for this effect is that the photostationary state of the phytochrome protein (Pr 

or Pfr) in the dry seed is set by the R:FR environment during seed maturation (Cresswell 

& Grime 1981).  Seeds show little response to photoreversible light cues when dry but 

become increasingly responsive over imbibition, which suggests that the phytochrome 

state in the dry seed is relatively stable and may determine the amount of light that is 

required for germination (Kendrick et al. 1969; Kendrick & Spruit 1977; Cresswell & 

Grime 1981).  Accordingly, interspecific differences in a light requirement for seed 

germination are partially attributable to the timing of chlorophyll breakdown in the 

maternal tissues relative to seed maturation (Cresswell & Grime 1981).  Species that 

require light for germination retain chlorophyll in the maternal tissues surrounding the 

seeds, and therefore, their seeds experience a low R:FR throughout maturation.  Effects 

of light quality during seed maturation on germination are likely phytochrome-mediated, 

but the roles of individual phytochrome genes in these effects are unknown.    

 Phytochrome effects are also sensitive to temperature.  For example, a 

temperature reduction of 6°C revealed novel roles for PHYA, PHYD, and PHYE in 

flowering (Halliday & Whitelam 2003).  Phytochrome function also varies depending on 

the temperature seeds experience during germination and  maturation.  Heschel et al. 
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(2007) showed that although PHYB influences germination across a range of germination 

temperatures, the effects of PHYA and PHYE become more significant at warmer and 

cooler temperatures, respectively.  In addition, phytochromes differentially regulate seed 

germination depending on the temperature during seed maturation (Donohue et al. 2008).  

For example, PHYB and PHYD are important for breaking cold-induced dormancy, 

whereas PHYA contributes to maintaining dormancy.   

 In this study, we compare the germination responses of multiple phytochrome 

mutant plants to wild-type in order to investigate which, if any, phytochromes regulate 

the effects of light quality and temperature cues during seed maturation on subsequent 

germination.  In addition, we examine the germination phenotypes of several A. thaliana 

ecotypes in order to evaluate natural genetic variation in phytochrome-mediated 

germination responses to seed maturation environment.     
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METHODS 

 

Plant material 

 

 In order to investigate the role of each phytochrome in mediating the effects of 

seed maturation environment on germination, we compared seed germination in A. 

thaliana ecotypes, Landsberg erecta (Ler, CS20), Columbia (Col-0, CS6673), and 

Wassilewskija (Ws, CS915), to mutants that exhibit loss of function in one or more 

phytochrome genes (summarized in Table 3.1).  Single mutants of phyA, phyB, and phyE 

were generated in the Ler and/or Col-0 backgrounds through forward and backward 

genetic screens (Koorneef et al. 1980; Nagatani et al.1993; Reed et al. 1993; Reed et al. 

1994; Devlin et al. 1998).  We included multiple phyA and phyB deficient mutant alleles 

in the Ler background; phyA-203, phyA-205, phyB-4, and phyB-7 have been shown to 

exhibit weak phytochrome-mediated phenotypic responses compared to phyA-201, phyA-

202, phyB-1, and phyB-5 (Reed et al.1993; Reed et al. 1994).  The phyD-1 mutation is a 

natural null allele which was identified in Ws and crossed into the Ler background 

(Aukerman et al. 1997).  Mutants deficient in phyC were identified from T-DNA 

insertion lines in the Col-0 (phyC-2) and Ws (phyC-3) backgrounds (Monte et al. 2003).  

Ws is naturally deficient in phyD, and therefore, phyC-3 lacks phyC and phyD.  Double 

and triple mutants were obtained by crossing (Devlin et al. 1998; Devlin et al. 1999).   

 We also included 6 additional A. thaliana ecotypes (for a total of 9 ecotypes, 6 

plus Col-0, Ler, and Ws) in order to examine if A. thaliana exhibits natural variation 

under the tested experimental conditions.  All ecotypes were obtained from the 

Arabidopsis Biological Resource Center (ABRC) and included: Col-4 (CS933), Ga-2 

(CS6715), HOG (CS6178), JI-3 (CS6745), Lm-2 (CS6784), and Me-0 (CS1364).  These 

ecotypes were chosen because each had exhibited an effect of foliar shade during seed 

maturation on germination timing in a pilot experiment (results not shown).  All mutant 

lines and ecotypes are highly inbred and were allowed to self-pollinate.  Maternal, 

paternal, and direct genetic effects cannot be differentiated in this experiment.    
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Seed maturation and germination conditions 

 

 Four sets of plants were established by randomly planting two replicate 

individuals of each genotype into every other pot cavity (5cm diameter × 5cm deep) of 

two Araflats (Betatech, Belgium) in Sunshine Mix, LP5 soil (Sun Gro Horticulture, 

Vancouver, Canada).  Plants were stagger-planted based on the estimated days to seed 

maturation for a genotype and seed maturation treatment.  For example, in a prior 

experiment, Ler plants had taken on average of 1 week longer to mature seeds in 

cold/neutral shade than in warm/neutral shade.  Therefore, Ler seeds were planted 1 week 

earlier in cold/neutral shade than in warm/neutral shade.  Stagger-planting ensured that 

seed collection could be done simultaneously so that after-ripening would not vary across 

seed maturation treatments.  Seeds were cold stratified at 4°C for four days and then 

placed into two Conviron E7/2 growth chambers (Controlled Environments Ltd., 

Winnipeg, Canada) under a 12-h photoperiod and constant 20°C.  Growth chambers were 

fitted with 8 white fluorescent lights (Sylvania Octron, F038/871, 32W), 2 infrared lights 

(Industrial Infrared, F32T8/IR-750), and 4 incandescent lights (Silvania Double Life, Soft 

White, 120V/75W).  Total PAR and R:FR, measured using a LI-250A light sensor (LI-

COR, USA) and SKR 110, 660/730nm sensor (Skye Instruments Ltd., U.K. ), 

respectively, were measured at PAR = 210µmol m-2 s-1 and R:FR = 1.1.  At bolting, 

growth chambers were reset to cold (17°C day/14°C night) and warm (26°C d /22°C n) 

temperatures, and white (#214, Full Touch Spun) and green (#730, Liberty Green) filters 

(Lee filters, Burbank, Canada) were placed over two flats in each growth chamber to 

impose foliar shade (R:FR = 0.6, PAR = 170µmol m-2 s-1) and neutral shade (R:FR = 1.1, 

PAR = 175µmol m-2 s-1) light environments.  This set-up generated four seed maturation 

treatments: cold/foliar shade (C/FS), cold/neutral shade (C/NS), warm/foliar shade 

(W/FS), and warm/neutral shade (W/NS).  The temperature treatments in this study 

simulate the average cold and warm temperatures that wild A. thaliana plants would 

likely experience in early or late spring, respectively.  The foliar shade seed maturation 

environment simulates R:FR conditions typical of a competitive environment or under a 

plant canopy.  Seeds were matured and collected under the four seed maturation 
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treatments.  To control for variation in seed maturation, six apical siliques at roughly the 

same maturity level were collected from the primary inflorescence of each replicate plant 

and pooled by genotype and maternal treatment.  Seeds were stored in the dark at room 

temperature for one month and then six replicates of 10-20 seeds per genotype × seed 

maturation treatment were planted under a green safe light onto 0.5% agar in 4.5cm 

diameter plastic Petri dishes.  Seeds imbibed water for 24 hours in darkness and were 

placed into the same growth chambers in a 20°C, 12h photoperiod, and the same neutral 

shade treatment as the seed maturation generation.  Seeds were checked for germination 

every day for 10 days.  Germination was scored when a seed’s cotyledons were green and 

open at least halfway.  Seed mass was also determined by weighing two groups of 10 

seeds for each genotype × seed maturation treatment combination.  To evaluate the 

repeatability of our results, the entire experiment (seed maturation and germination) was 

completed twice, each time in two different Conviron E7/2 growth chambers.  The 6 

additional A. thaliana ecotypes, as well as phyC-3, phyA-211, and phyA-211/phyB-9 were 

only included in the second experimental trial, so the results of the second trial are 

reported with discussion of the consistances and differences between trials.       

              

Data analysis 

 

 Germination percentage was calculated for each replicate by dividing the number 

of seeds germinated by the number of seeds planted.  This value is presented for all 

genotype × seed maturation treatment combinations that exhibited >90% germination.  If 

the germination percentage of a genotype × seed maturation treatment combination was 

<90% we estimated maximum possible germination by germinating two replicates of 10-

20 seeds on 0.5% agar supplemented with 100µM GA4+7.  All other experimental 

conditions were as described above.  GA4+7 promotes germination in A. thaliana; seeds 

that do not germinate with GA4+7 are likely not viable. Germination with GA4+7 was 

>90% for all genotype × seed maturation treatment combinations tested except 

phyA/phyE (C/FS), phyA/phyB/phyE (C/FS, C/NS), phyA/phyB/phyD (C/NS), and phyA-

211/phyB-9 (Col-0) (W/FS).  Their germination percentages ranged from 65–85%.  
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Germination percentage data were adjusted using the results of the GA4+7 experiment as 

the maximum possible germination (instead of 100%).  The GA4+7 adjustment had very 

little effect on the results, because generally, seeds that germinated to <90% with GA4+7 

exhibited very low germination (<10%) in all experiments.  Germination timing was 

calculated by assigning a germination day to each seed that germinated and calculating 

mean days to germination for each replicate.  Germination percentage displayed constant 

variance.  Germination day was transformed by taking the inverse, which greatly 

improved homoscedasticity. 

 To test for differences in the effects of seed maturation treatment on germination 

between wild-types and phytochrome mutants, we used an ANOVA model (PROC GLM, 

SAS 2001) in which we split the analysis by seed maturation treatment (light quality and 

temperature) and then tested for the fixed effects of growth chamber (during seed 

germination) and genotype on germination percentage and germination day.  All lines in 

a wild-type background were included in a model and a priori contrasts between each 

mutant genotype and its respective wild-type and between specific mutant pairs were 

applied.  A significant effect of genotype indicates that the two lines differed in their 

response to the specified seed maturation treatment combination (Donohue et al. 2008).  

Bonferroni corrections for multiple tests, based on the total number of tests in one 

background and seed maturation treatment, were applied to the results.  

 We used a second ANOVA model (PROC GLM, SAS 2001) to test for effects of 

seed maturation treatment on seed mass, germination percentage, and germination day 

among the 9 A. thaliana ecotypes.  This model included line, maternal temperature, 

maternal light quality, and all possible interactions as fixed effects.  Maternal temperature  

× maternal light quality ×  line effects were not significant for germination percentage or 

day, so they were removed from the model for those traits.                
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RESULTS 

 

Phytochrome A 

 

 PhyA mutant seeds derived from all seed maturation treatments except 

warm/neutral shade generally germinated to higher percentages than wild-type, although 

specific effects of the seed maturation treatment differed by mutant allele (Fig. 3.1).  The 

one exception was that phyA-205 seeds matured under cold and foliar shade germinated 

to a lower percentage than wild-type, but this result was not repeatable, i.e., in the first 

experimental trial all phyA mutants (including phyA-205) germinated to a higher 

percentage than Ler.  PhyA-201 and phyA-203 exhibited significantly higher germination 

than wild-type when seeds  matured under the cold maternal treatment (Fig. 3.1; Table 

3.2).  PhyA-202, phyA-205 (only in neutral shade), and phyA-211 (only in foliar shade) 

exhibited the same trend, but were not significant after Bonferroni correction (Figs. 3.1, 

3.2).  Germination in phyA deficient seeds ranged from 12 - 25% higher than wild-type 

in seeds matured in cold and neutral shade and 22 - 55% higher in seeds matured in cold 

and foliar shade (excluding phyA-205).  Germination was accelerated by 2 – 5 days over 

wild-type in phyA mutant seeds matured under warm and foliar shade (Fig. 3.3; Table 

3.3).  Two phyA mutants, phyA-201 and phyA-203, also exhibited accelerated 

germination in seeds matured under cold and either light quality treatment (Table 3.3).  

Similar patterns of germination were observed in the first experimental trial with the 

exception that phyA-211 was not tested.   

 

Phytochrome B 

 

 In general, Ler mutants deficient in phyB exhibited reduced germination when 

compared to wild-type, and this was most significant when seeds matured under neutral 

shade (Fig. 3.1; Table 3.2).  This trend was also observed in phyB-9 (Col-0 background) 

seeds matured in cold; in warm, seed germination was significantly reduced in phyB-9 

seeds matured under foliar shade (Fig. 3.2).  This difference between phyB-9 and phyB 
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mutants in the Ler background is largely attributable to differing germination patterns 

between Col-0 and Ler.  Ler seeds germinated to a higher percentage in either 

temperature when matured under neutral shade than foliar shade, whereas Col-0 exhibited 

the opposite pattern (Figs. 3.2, 3.3).  Differences in germination between phyB alleles and 

wild-type followed the same trends in the first experimental trial (data not shown), except 

that phyB mutant seeds in the Ler background matured under warm and foliar shade did 

not exhibit significant differences in seed germination from wild-type seeds.  In addition, 

germination was accelerated by 1.5 – 3 days in phyB-1, phyB-4, and phyB-5 seeds 

matured under foliar shade and either temperature treatment (Fig. 3.3; Table 3.3).  

Germination timing for these mutants was consistent across both experimental trials.            

 Germination was reduced in phyA/phyB (Ler and Col-0 backgrounds) mutant 

seeds matured under all four maternal treatments (Figs. 3.1, 3.2; Table 3.2).  In addition, 

phyA-201/phyB-5 seeds matured under warm (and either light quality treatment) 

germinated 2 days earlier that wild-type (Fig. 3.3; Table 3.3).  These results were 

repeated in both experimental trials.   

 

Phytochrome C 

 

 In the Col-0 background, PHYC appeared to have no effect on germination in 

seeds matured in warm, i.e., differences between phyC-2 and Col-0 were marginal in the 

second experimental trial and were not detected in the first experimental trial (Fig. 3.2; 

Table 3.2).  In contrast, phyC-3 seeds germinated to a higher percentage than Ws when 

matured under warm or foliar shade (Fig. 3.2; Table 3.2).  PHYC had some effect on 

germination in Col-0 seeds matured in cold, but the direction of the effect differed 

between experimental trials, making it difficult to draw any conclusions.  The 

phyA/phyB/phyD/phyE mutant showed some germination (2%-5%) in seeds matured 

under all treatments except cold/neutral shade (Fig. 3.5), suggesting that phyC plays 

some role in germination, or alternatively, A. thaliana seeds can germinate without 

phytochrome.  
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 Phytochrome D 

 

 PHYD appeared to have at most weak effects on germination percentage in seeds 

matured under cold, although phyD seeds matured under cold or foliar shade germinated 

1.5 - 2.5 days earlier than Ler.  PhyD seeds matured in cold did not differ significantly in 

germination percentage from wild-type, and germination differences were not significant 

between phyA/phyD and phyA, phyB/phyD and phyB, and phyA/phyB/phyD and 

phyA/phyB (Fig. 3.4, Table 3.2).  In contrast, phyD germination was significantly lower 

than wild-type in seeds matured under warm, and this effect was most pronounced in 

seeds also matured under neutral shade.  Seeds matured under warm and either light 

quality treatment germinated to a lower percentage for phyB/phyD than phyB or phyD, 

and for phyA/phyB/phyD than phyA/phyB (Fig. 3.4; Table 3.2).  PhyD results were 

consistent across both experimental trials (data not shown).      

 

Phytochrome E 

 

 Seeds deficient in phyE germinated significantly less than wild-type when 

matured under neutral shade and either temperature (Fig. 3.5; Table 3.2) and significantly 

later than wild-type when matured under neutral shade and warm (Fig. 3.3; Table 3.3).  

PHYE also appeared to counteract the effects of PHYA across all maternal treatments, 

except warm/foliar shade, i.e., phyA/phyE germination was >75% less than phyA 

germination.  Mutant seeds matured in cold that were deficient in phyB and phyE 

(phyB/phyE, phyB/phyD/phyE, phyA/phyB/phyE, & phyA/phyB/phyD/phyE) exhibited 

very low germination when compared to wild-type (Fig. 3.5).  In addition, phyB/phyE 

seeds matured under warm and neutral shade germinated >30% less than phyB or phyE 

under the same conditions.  Patterns of germination in phyE seeds were consistent across 

both experimental trials (data not shown).  

          

Natural Accessions 
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     Cold maturation temperatures reduced germination percentages by almost half 

when compared to seeds matured under warm (Table 3.4B).  Light quality during seed 

maturation had no overall effect on germination percentage, but ecotypes differed in their 

responsiveness to seed maturation temperature and light quality for both germination 

percentage and timing (Fig. 3.6; Table 3.4A).  In addition, seeds matured under foliar 

shade germinated about half a day earlier on average than seeds matured in neutral shade.  

Temperature and light environment, as well as their interaction, had a strong effect on 

seed mass, and ecotypes differed in the response of seed mass to these treatments (Fig. 

3.6, Table 3.4A).  In general, seeds produced in cold and/or foliar shade were heavier 

than seed produced in warm and/or neutral shade.  
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DISCUSSION 

 

 In this study, we examined how temperature and light quality during seed 

maturation influenced germination in A. thaliana phytochrome mutants and naturally- 

occuring ecotypes.  Our results suggest that all five A. thaliana phytochromes partially 

mediate germination in response to seed maturation temperature and/or light quality.  In 

general, functional PHYA inhibited germination; whereas PHYB, PHYD, and PHYE 

promoted it, but the phenotypes of individual phytochrome mutants differed by seed 

maturation treatment in a non-additive way.  In addition, we demonstrated significant 

natural variation in germination responses to seed maturation environment.    

 Functional PHYA inhibited and slowed germination in seeds matured under cold 

or foliar shade environments.  These results are surprising, because previous research has 

almost exclusively shown that PHYA promotes germination in A. thaliana (Botto et al. 

1996; Shinomura et al. 1996; Heschel et al. 2007).  The contrasting results are likely due 

to our study’s focus on the effects of the seed maturation environment on germination; 

whereas most previous work examined only the environment during seed germination.  

Consistent with this hypothesis, the only other study to investigate the effects of seed 

maturation environment on germination in A. thaliana phytochrome mutants likewise 

demonstrated that PHYA inhibited germination in seeds matured in cold, although only in 

a phyD background (Donohue et al. 2008).  We found that functional PHYC inhibited 

germination in a phyD deficient background (Ws) in seeds matured in warm or foliar 

shade.  This suggests a new role for PHYC in regulating seed germination that is more 

similar to PHYA than to PHYB, PHYD, or PHYE.  Although caveats include that the 

phyC-3 results were not replicated and that mutants in Ws are not directly comparable to 

Ler.  This relationship between PHYC and PHYA is not completely unexpected, because 

PHYA and PHYC arose from a duplication event and share more sequence similarity with 

each other than with PHYB, PHYD, or PHYE (Donohue & Mathews 1998).      

       Functional PHYB and PHYE acted antagonistically to PHYA to promote 

germination.  Although there was some variation among phyB monogenic mutants, all 

five germinated to a lower percentage than wild-type when seeds were matured under 
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cold and neutral shade.  The phyE single mutant exhibited the same pattern.  Also, 

mutants deficient in phyB and phyE counteracted the effects of phyA; that is, double and 

triple mutants deficient in phyA and phyB or phyE germinated to lower percentages than 

wild-type and the phyA single mutants.  PHYB has previously been shown to have an 

antagonistic effect on PHYA in germination, but in that example PHYB inhibited PHYA-

mediated germination in FR (Hennig et al. 2001).  Our phyB results are consistent with 

Donohue et al. (2008), who also found that mutants deficient in phyB generally exhibited 

lower germination than wild-type.  However, that study found no significant effect of 

seed maturation treatment on germination in phyE.  Functional PHYD also increased 

germination percentage in seeds matured under warm temperatures but did not counteract 

the effects of PHYA.  Donohue et al. (2008) also found that PHYD promoted germination 

in seeds that matured under warm temperatures and were subjected to a warm 

stratification treatment; our seeds received no stratification, but were germinated under 

warm temperatures.   

 Interestingly, the differences in germination percentages between wild-type and 

seeds deficient in phyB, phyD, and/or phyE were generally most pronounced when the 

seeds were matured under neutral shade.  It is unlikely that these results are solely 

attributable to differences in the state of the phytochrome proteins in the seeds, because 

under that hypothesis one would expect that seeds matured under a low R:FR, as in the 

foliar shade treatment, would have less Pfr than seeds matured under the neutral shade 

treatment.  Therefore, seeds matured under foliar shade should germinate more slowly 

and to a lower percentage than seeds matured under neutral shade.  This pattern is 

observed in Ler and a few of the phyA mutants, but the opposite is observed in mutants 

deficient in phyB, phyD, and/or phyE.   

 A possible additional mechanism for the effects of phyB, phyD, and phyE is that 

the light quality during seed maturation influences the total amount of phytochrome in 

the dry seed, therefore, altering the seeds’ sensitivity to light.  A. thaliana seeds matured 

under a high R:FR germinate to a much higher percentage in dark than seeds matured 

under a very low R:FR, but they also require over a 300X larger dosage of R light than 

seeds matured under low R:FR to reach 50% germination (McCullough & Shropshire 
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1970).  These seeds retain viability and regain germinability to the level of seeds matured 

under low R:FR after 9 months of storage.  These results suggest that seeds matured 

under a high R:FR express a reduced sensitivity to R light, which gradually increases 

over dark storage.  This decrease in sensitivity may be attributable to a reduction in total 

phytochrome, due to the conversion of most phytochrome to Pfr, which is more unstable 

than Pr, in seeds matured under a high R:FR (McCullough & Shropshire 1970).  

Accordingly, total phytochrome is over two-fold lower in Cucumis prophetarum seeds 

matured under R light than the same seeds matured under FR light (Gutterman 2000).  

The amount of photoreversible phytochrome B protein has been shown to affect the 

intensity of several phenotypes in A. thaliana (germination was not examined) (Wester et 

al. 1994); therefore, it is likely that total phytochrome levels also influence seed 

germination.  Although differences in R:FR between seed maturation treatments are less 

severe in our study than in the aforementioned work, they should be enough to alter total 

phytochrome levels in seeds and may explain why seeds deficient in phyB, phyD, and 

phyE exhibited lower germination when matured under a high R:FR than when matured 

under a low R:FR.  It remains to be tested if and how total phytochrome levels of the 

various phytochrome genes were affected by seed maturation treatment.      

 In this study, the effects of the five phytochrome species on seed germination 

were not additive, i.e., double and triple mutants often exhibited phenotypes that differed 

greatly from the summed effects of the single mutant alleles.  This non-additivity of 

phytochrome effects may be partially due to the complex interactions among 

phytochrome species and phytochromes and phytohormones.  For example, 

phytochromes form homo- and heterodimers within and among phytochrome species 

(Sharrock & Clack 2004), and it is likely that null mutants disrupt the functions of both 

dimer types.  Functions of specific dimer pairs are unknown at this time, and this 

hypothesis warrants further investigation.  In addition, phytochromes, particularly phyB, 

phyD, and phyE, exhibit conditional redundancy for several phenotypes (Aukerman et al. 

1997; Devlin et al. 1998; Devlin et al.1999; Hennig et al. 2001).  Phytochromes bind to 

the same interacting partners (Ni et al. 1998; Oh et al. 2004), and environmental variation 
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in phytochrome function may reflect differences in optimal binding conditions among 

phytochrome species (Halliday et al. 2003).    

 Non-additivity among phytochrome responses and interactions between 

temperature and phytochromes could also be due to phytochrome effects on the 

gibberellic acid (GA) and abscisic acid (ABA) biosynthesis pathways.  In response to R 

light, phytochromes interact with PIF3-like 5 (PIL5) to increase the amount of bioactive 

GAs in germinating seeds by increasing the transcription of GA-oxidase genes that 

convert inactive GA precursors to active GAs (Yamaguchi et al. 1998).  Phytochromes 

also down-regulate AtGA2ox2, a gene that reduces bioactive GA (Oh et al. 2006).  Cold 

stratification increases the transcription of GA-oxidase genes by the transcription factor 

SPATULA (SPT) (Penfield et al. 2005).  Red light irradiation also reduces ABA levels in 

the seed by downstream members of the phyB pathway and interactions between GA and 

ABA (Seo et al. 2006; Oh et al. 2007).  In addition, light conditions (in this case, 

photoperiod) during seed maturation have been shown to influence the amount of ABA in 

seeds and the seeds’ sensitivity to ABA in germination (Contreras et al. 2008).  Thus, the 

variability in seed germination response to temperature and light cues during seed 

maturation is likely due to the complex interactions among the hormone signaling 

pathways and their environmental inputs (Holdsworth et al. 2008).              

 In addition to demonstrating phytochrome action in effects of seed maturation 

environment on germination, we found significant natural variation for these effects in 9 

A. thaliana ecotypes.  These results suggest that phytochrome-mediated responses are 

genetically variable and may evolve in natural populations of A. thaliana.  We also found 

an overall effect of seed maturation environment on seed mass and effects of temperature 

and light quality during seed maturation on germination percentage and days to 

germination, respectively.  Seeds were heavier when matured under cold and/or foliar 

shade.  Germination percentages were severely reduced in seeds matured under cold 

temperatures.  Cold induced dormancy has been found in a number of species and likely 

prevents seeds from germinating too early or late in the season (Lacey 1996; Gutterman 

2000; Donohue et al. 2008).  For the same reason, plants may produce heavier seeds 

under unfavorable conditions if these seeds stay viable longer in the soil.  Accordingly, 
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lettuce plants produce seeds that are heavier, more dormant, and stay viable longer in 

storage under long-day (which, similar to cold temperatures, predicts unfavorable 

conditions for germination) than short-day photoperiods (Contreras et al. 2008).  Seeds 

matured under foliar shade germinated significantly earlier than seeds matured in neutral 

shade.  Accelerated germination in response to foliar shade during seed maturation may 

be adaptive in weedy annuals like A. thaliana, because early germination within the 

season facilitates access to light resources prior to competition from other species that 

germinate later in the season (Fowler 1984; Kalisz 1986; Weinig 2000).  We found strong 

genetic variation for seed mass and germination in response to seed maturation treatment, 

but whether phytochrome-mediated effects of seed maturation environment on seed 

germination provide a fitness benefit remains to be tested.   

 In conclusion, we demonstrated that A. thaliana phytochromes are important 

regulators of germination, and that the relative role of each phytochrome is influenced by 

temperature and light quality during seed maturation.  We found a new role for PHYA 

(and possibly PHYC) in inhibiting germination and showed that functional PHYB and 

PHYE are necessary for high germination, especially in seeds matured under neutral 

shade.  In addition, we showed significant variation in phytochrome-mediated 

germination responses in natural ecotypes of A. thaliana.   
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Table 3.1.  Summary table for Arabidopsis thaliana phytochrome mutants.  All mutants 
are in the Landsberg erecta (Ler) background unless otherwise indicated in parentheses.  
‘CS’ numbers indicate the Arabidopsis Biological Resource Center (ABRC) stock 
number.  Other seeds are not available at ABRC and were obtained from P.H. Quail 
(PHQ), R.A. Sharrock (RAS), or G.C. Whitelam (GCW).     

Genotype Mutation Source  Reference 
Single mutants       

phyA-201 Null CS6219 Nagatani et al.1993; Reed et 
al. 1994 

phyA-202 Null CS6220 Nagatani et al. 1993 Reed et 
al. 1994 

phyA-203 Null CS6221 Reed et al. 1994 

phyA-205 Missense CS6222 Reed et al. 1994 

phyA-211 (Col-0) Null CS6223 Reed et al. 1994 

phyB-1 Null  CS6211 Koorneef et al. 1980 

phyB-4 Missense CS6212 Reed et al. 1993 

phyB-5 Null   CS6213 Reed et al. 1993 

phyB-7 Null CS6215 Reed et al. 1993 

phyB-9 (Col-0)   Null CS6217 Reed et al. 1993 

phyC-2 (Col-0) Null PHQ Monte et al. 2003 

phyC-3 (Ws) Null PHQ Monte et al. 2003 

phyD-1 Null (Natural Ws) RAS Aukerman et al. 1997 

phyE-1 Null GCW Devlin et al. 1998 

    
Multiple mutants    

phyA-201/phyB-5  CS6224 Reed et al. 1994 

phyA-211/phyB-9 (Col-0)  RAS  

phyA-201/phyD-1  RAS Devlin et al. 1999 

phyB-1/phyD-1  RAS Devlin et al. 1999 

phyA-201/phyB-1/phyD-1  RAS Devlin et al. 1999 

phyA-201/phyE-1  GCW Devlin et al. 1998 

phyB-1/phyE-1  GCW Devlin et al. 1998 

phyB-1/phyD-1/phyE-1  GCW Shalitin et al. 2002 

phyA-201/phyB-1/phyE-1  GCW Devlin et al. 1998 

phyA-201/phyB-1/phyD-1/phyE-1  GCW Devlin et al. 1998 
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Table 3.2.  Tests of significance between A. thaliana phytochrome mutants and wild-type 
for germination percentage.  Germination percentage data were split by temperature and 
light quality during seed maturation and then tested for significant effects of growth 
chamber and line using analysis of variance (ANOVA).  Treatments are as described in 
Fig. 3.1.  F-ratios for line effects are shown.  A significant line effect indicates that the 
two lines differ in their response to the indicated seed maturation treatment.  The upper 
part of the table shows tests between mutants and their wild-type background, which is 
Ler unless otherwise indicated in parentheses.  The lower part of the table shows tests 
between specific mutant pairs.  Comparisons significant after Bonferroni correction are 
highlighted in bold.  *p<.05, **p<.01, ***p<.001.   

 Seed Maturation Treatment 

 Cold Warm 

 Foliar 
Shade 

Neutral 
Shade 

Foliar 
Shade 

Neutral 
Shade 

 F-ratio F-ratio F-ratio F-ratio 

Mutants vs. wild-type         
phyA-201 14.59*** 12.04*** 8.47** 0.12 

phyA-202 3.66 3.07 2.75 1.00 

phyA-203 23.78*** 7.8** 4.28* 0.03 

phyA-205 5.69* 13.48** 0.79 3.89 

phyB-1 6.28* 78.89*** 27.2*** 46.13*** 
phyB-4 0.97 24.64*** 8.47** 0.02 

phyB-5 5.18* 85.88*** 0.01 52.45*** 
phyB-7 0.29 37.31*** 3.39 4.21* 

phyD-1 1.05 0.48 10.2** 67.71*** 
phyE-1 0.09 49.84*** 3.45 50.82*** 
phyA-211 (Col-0) 3.24 0.74 0.00 7.34* 

phyB-9 (Col-0) 1.27 3.34 16.93*** 0.83 

phyC-2 (Col-0) 0.91 7.59* 0.00 11.12** 

phyC-3 (Ws) 27.55*** 10.05* 73.34*** 25.51*** 
phyA-201/phyB-5 8.32** 82.32*** 52.57*** 81.65*** 
phyA-211/phyB-9 (Col) 4.36* 3.52 105.28*** ― 
     

Multiple mutant comparisons     

phyA-201/phyD-1 vs. phyA-201 0.04 0.61 6.43* 0.72 

phyB-1/phyD-1 vs. phyB-1 0.35 0.14 3.30 8.99** 

phyA-201/phyB-1/phyD-1 vs. phyA-201/phyB-5 0.10 0.03 5.6* 1.97 

phyA-201/phyE-1 vs. phyA-201 24.03*** 124.01*** 28.35*** 58.01*** 
phyB-1/phyE-1 vs. phyB-1 0.54 0.15 19.31*** 16.54*** 
phyA-201/phyB-1/phyE-1 vs. phyA-201/phyB-5 0.11 0.00 4.04* 4.18* 

phyB-1/phyD-1/phyE-1 vs. phyB-5/phyD-1 0.06 0.26 1.30 0.20 
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Table 3.3. Tests of significance between A. thaliana phytochrome mutants and wild-type 
for germination day. Germination day data were analyzed in the same way as described 
in Table 3.2.  F-ratios for line effects are shown.  Mutants were contrasted to their wild-
type background, Ler.  Comparisons significant after Bonferroni correction are 
highlighted in bold.  *p<.05, **p<.01, ***p<.001.   

 

 Seed Maturation Treatment 

 Cold Warm 

 Foliar Shade Neutral Shade Foliar Shade Neutral Shade 

 F-ratio F-ratio F-ratio F-ratio 

Mutants vs. wild-type         

phyA-201 6.94* 8.44** 32.65*** 0.03 

phyA-202 0.28 2.87 48.21*** 0.2 

phyA-203 13.44*** 8.16** 60.67*** 5.29* 

phyA-205 0.04 2.62 23.88*** 0.5 

phyB-1 10.96** 0.05 24.86*** 0.34 

phyB-4 4.22* 0.40 90.48*** 0.66 

phyB-5 17.22*** 6.39* 34.28*** 0 

phyB-7 1.27 0.35 27.98*** 0.02 

phyD-1 16.23*** 13.35*** 27.24*** 0 

phyE-1 2.58 0.03 3.59 7.83** 

phyA-201/phyB-5 2.00 0.99 45.78*** 10.24** 
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Table 3.4. Tests of significance and summary statistics for the A. thaliana  ecotypes.  

A) ANOVA tests for significant effects of temperature and light quality during seed 
maturation on seed mass, germination percentage, and germination day in 9 A. thaliana 
ecotypes.  F-ratios and df are given for each test.  MT: maternal (seed maturation) 
temperature treatment (warm or cold); ML: maternal light quality treatment (foliar shade 
or neutral shade).  Treatments are as described in Fig. 3.1.  The L*MT*ML term was 
non-significant for germination traits and was removed from the model.  B) Least-
squared means  ± 1 SE for maternal temperature by maternal light effects on seed mass 
and germination.  *p<.05, **p<.01, ***p<.001.     

 

A)  
 

Seed Mass            
10 seeds (mg) 

Germination 
Percent 

Germination Day 

Source df F- ratio F- ratio F- ratio 

Rep 1 0.35 − − 

Line (L) 8 27.61*** 65.44*** 25.97*** 

Maternal Temperature (MT) 1 229.79*** 121.72*** 0.16 

Maternal Light Quality (ML) 1 104.04*** 0.02 9.64*** 

MT*ML 1 81.20*** 0.13 0.20 

L*MT 8 19.90*** 7.97*** 3.38** 

L*ML 8 4.07** 3.59*** 6.65*** 

L*MT*ML                   8 2.97* − − 

B)     

Maternal Treatment   Least-squared means ± 1 SE 

Cold/Foliar Shade  0.274 ± 0.004 31.472 ± 2.563 5.850 ± 0.174 

Cold/Neutral Shade  0.204 ± 0.004 32.053 ± 2.537 6.431 ± 0.178 

Warm/Foliar Shade  0.187 ± 0.004 60.507 ± 2.563 5.985 ± 0.159 

Warm Neutral Shade  0.182 ± 0.004 59.248 ± 2.512 6.431 ± 0.141 
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Figure 3.1.    Least-squared means (LSmeans) ± 1 standard error (SE) of germination 
percentages for PHYA and PHYB deficient Arabidopsis thaliana seeds in the Landsberg 
erecta (Ler) wild-type background.  Seeds were matured in growth chambers under a 
factorial combination of cold (17°C day/14°C night) and warm (26°C d /22°C n) 
temperature treatments and foliar shade ((R:FR = 0.6, PAR = 170µmol m-2 s-1)  and 
neutral shade (1.1, PAR = 175µmol m-2 s-1)  light quality treatments.  Seeds were 
collected under those treatments, stored for 1 month in darkness at room temperature, and 
germinated at 20°C in neutral shade (same conditions).  A constant photoperiod of 12h 
was maintained in both generations.  Germination was scored when a seed’s cotyledons 
were green and open at least halfway.  Germination percentage was calculated after 10 
days of germination by dividing the total number of germinated seeds by the maximum 
possible germination (either seed total or germination percentage on GA4+7).  Lsmeans ± 
1 SE were generated from the ANOVA model described in Table 3.2.    
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Figure 3.2. LSmeans ± 1 SE of germination percentages for PHYA, PHYB, and PHYC 
deficient A. thaliana seeds in the Columbia-0 (Col-0) background (phyC-2) and PHYC 
deficient seeds in the Wassilewskija  (Ws) background (phyC-3).  Ws and phyC-3 are 
also naturally deficient in PHYD.  Experimental conditions and data analysis were as 
described in Fig. 3.1.  
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Figure 3.3. LSmeans ± 1 SE of germination day for single phytochrome mutants and the 
phyA/phyB double mutant in the Ler background.  Germination was checked every day 
for 10 days.  Each seed was assigned an appropriate germination day, and mean days to 
germination was calculated for a replicate..  Only seeds that germinated were included in 
the mean calculations.  Experimental conditions are as described in Fig. 3.1.   
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Figure 3.4. LSmeans ± 1 SE of germination percentages for PHYD deficient A. thaliana 
seeds in the Ler background. 
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Figure 3.5. LSmeans ± 1 SE of germination percentages for PHYE deficient A. thaliana 
seeds in the Ler background.   
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Figure 3.6. LSmeans ± 1 SE for germination percentage in 9 A. thaliana naturally 
occurring ecotypes.  LSmeans were generated from the ANOVA model described in 
Table 3.4.  Experimental conditions were as described in Fig. 3.1.       
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Figure 3.7. LSmeans ± 1 SE for germination day in 9 A. thaliana naturally occurring 
ecotypes.  Germination day was calculated as described in Fig. 3.2.   
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