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Abstract 

While phenotypic plasticity has been widely documented, the relative 

contribution of parent versus offspring environment to determining progeny 

phenotypes and the persistence of parental effects throughout progeny development 

under different environments remain unknown. In predictable and/or seasonal 

environments, parental effects are predicted to be favored during early life stages of 

offspring, while offspring environment is predicted to increase in relative importance as 

the accuracy of offspring perception increases over the course of development. 

Furthermore, as plastic responses to the environment are both transmissible across 

generations and dynamic across development, epigenetic mechanisms are likely 

involved in the regulation of parental effects and phenotypic plasticity.  

The neighboring community is an important environmental factor for plants 

since sessile plants cannot escape competition within their current generation. Whether 

interactions with neighbors are positive or negative likely depends on the environment, 

as competition is hypothesized to increase in favorable environments and the 

neighboring community of plants may change over a seasonal progression. For these 

reasons, neighbor environment is an interesting and ecologically important 

environmental variable that can be used to investigate how parental and progeny 

environment regulate progeny phenotypes throughout development. 



 

 

v 

To test these predictions, this dissertation evaluated how progeny phenotypes 

responded to the combination of parental and offspring environments, quantified how 

parental and progeny methylation regulate offspring phenotypes, and examined their 

effects on plasticity. To address which generation’s environment and DNA methylation 

affect phenotypes in offspring, I manipulated simulated and real neighbor environments 

and DNA methylation within and across generations in Arabidopsis thaliana, a winter 

annual native to Eurasia widely introduced across North America.  

In Chapter 1, using chemical demethylation, I tested whether parental and 

progeny DNA methylation influences germination, and whether parental DNA 

regulates germination response to past and present simulated canopy. I found that 

germination of offspring is regulated by parental DNA methylation and is responsive to 

parent, not seed, environment for most genotypes. Furthermore, I confirmed using 

mutant lines that all contexts of DNA methylation were involved in the transmission of 

parental effects, but they may operate through different pathways controlling 

germination.  

In Chapter 2, I quantified how parental versus progeny methylation regulate 

progeny phenotypic responses to parental and progeny canopy shade. I found that both 

parent and offspring canopy affect offspring traits across development, but parental 

environment had stronger effects at the seedling stage. Both parent and offspring DNA 

methylation affected offspring response to canopy, but parental DNA methylation only 
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affected traits at the seedling stage. Trait correlations were significantly altered by 

chemical demethylation of parents and offspring, indicating that DNA methylation of 

both generations are important in regulating development and integrating phenotypic 

response to canopy.  

Finally, in Chapter 3, I tested whether parent or offspring DNA methylation 

affected response to the heterospecific neighbor, Stellaria media, under simulated 

seasonal conditions. I found that growing with competitors decreased fitness for all 

genotypes, but genotypes varied in the effect of neighbors on morphology and fitness. 

Both parent and offspring DNA methylation had direct effects on growth and fitness in 

all genotypes, but genotypes varied in how DNA methylation influenced response to 

neighbors. In one genotype, plastic response to neighbors was unaffected by chemical 

demethylation treatments, indicating that neighbor-induced plasticity is not always 

mediated via DNA methylation.  

Together, these results indicated that offspring phenotypes are shaped by both 

parent and offspring environment, and that parental environment and parental DNA 

methylation are especially important in regulating offspring traits early in life. The 

genetic variation observed in the expression of phenotypic plasticity via parental and 

progeny DNA methylation suggests that the epigenetic regulation of progeny 

phenotypes has a genetic basis and may evolve. 
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Introduction 

Phenotypic plasticity in response to present and past environments  

Evolutionary biologists and ecologists have long been fascinated with how 

variation in phenotype is shaped by genetic and environmental factors. The advent of 

molecular tools allowed scientists to study the contribution of genes to traits, but 

genetics alone did not explain environmentally-induced variation for many phenotypes 

(Cavalli-Sforza and Feldman 1978). The study of gene by environment interaction (GxE) 

seeks to explain how the combination of genetics and the environment shape the traits of 

organisms (Lewis 1954). In addition, the study of phenotypic plasticity, or the 

phenomenon of the same genotype exhibiting different phenotypes in response to the 

environment, aims to explain how these responses are regulated and examine their 

implications for evolution (Callahan, Maughan, and Steiner 2008).  

While organisms dynamically respond to current environmental conditions, 

offspring can also demonstrate altered phenotypes corresponding to parental experience 

via parental environmental effects (Lacey 1998).  Parental environments can even alter 

how offspring respond to their own environment, and offspring environments can alter 

the magnitude and direction of parental effects (Baker, Berg, and Sultan 2018; Baker et 

al. 2019a). As offspring can respond to both parental and offspring environments, it is 

unclear how these environments may interact to affect phenotype and whether plasticity 

in response to one generation’s environment or the other is adaptive.  
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As organisms can respond to the environment experienced by both generations, 

the question remains which generation controls phenotypic response to environments. 

Parental effects are hypothesized to be evolutionarily favored when there are temporal 

or spatial fluctuations between generations (Via 1993; Lande 2009). Alternatively, 

organisms can increase variation in phenotypes that experience the same environment, 

termed “bet hedging”, which is likely to be favored by natural selection when 

environments are unpredictable (Simons 2014). Parental effects may be favored early in 

progeny life due to increased ability to sense and predict future conditions by fully 

developed parents compared to underdeveloped progeny (Auge et al. 2017). Finally, 

parent-offspring conflict is driven by the trade-off between parental provisioning and 

offspring fitness (Godfray 1995; Kuijper and Johnstone 2018). If the cost of the progeny 

phenotype is high to the parent, the conflict increases and may magnify the difference 

between the direction of optimal parental effects and optimal progeny phenotypes in the 

current environment. 

The strength of parental effects is hypothesized to change across progeny 

development. As organisms respond to both past and present environments, the 

question remains how long parental effects persist into the next generation (Auge et al. 

2017). First, cue predictability from the environment experienced by parents may be 

stronger early in the next generation and become less accurate through time as offspring 

age. Alternatively, in seasonal and predictable environments, the correlation between 
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parent and progeny environments may remain high throughout development favoring 

parental effects to remain equally strong across progeny growth. Second, as progeny 

age, they may develop more reliable and complex sensory organs to perceive their 

environment more accurately, allowing them to respond more strongly to their current 

environment. Third, if parent-offspring conflict is strong, parental effects may be strong 

regardless of selection on optimal offspring phenotype. For example, if the cost of 

producing large eggs is high to mothers, size of eggs may be determined by resource 

availability in the maternal environment regardless of the fitness benefit of egg size to 

offspring. In resource limited environments, eggs will be smaller despite egg size 

conferring an advantage to offspring. Lastly, early life changes might influence traits 

later in development. If progeny traits are strongly correlated across development, 

adjustments in phenotypes early in life by parental effects may have continued effects on 

adult traits. The strength of correlations between early life and adult phenotypes in the 

next generation can impact the relative strength of parental effects on offspring traits; 

highly correlated traits across development would result in continued parental effects as 

organisms age. 

 

Epigenetic mechanisms that regulate phenotypic plasticity 

“Epigenetics” refers to diverse mechanisms that influence gene expression and 

exist outside of DNA sequence alone (Berger et al. 2009). DNA methylation and histone 
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modifications can be important regulators of development from embryogenesis to the 

transition to reproduction (Richards 1997; Yaish, Colasanti, and Rothstein 2011; Berr, 

Shafiq, and Shen 2011; Cortijo et al. 2014; Kawakatsu et al. 2017). The timing of these 

developmental transitions mediated via epigenetic mechanisms are often cued by the 

environment. For example, the initiation of flowering in several plant species is 

mediated by changes in DNA methylation and/or histone modification after seasonal 

chilling (Burn et al. 1993; Yaish, Colasanti, and Rothstein 2011; Rothkegel et al. 2017). In 

addition to important roles in development, DNA methylation has been implicated in 

regulating phenotypic responses to past and present environmental stimuli (Harper 

2010; Herman et al. 2014). In several plant species, exposure to drought, salt, and 

nutrient stress in the current generation led to accelerated flowering time and shortened 

stature, and these altered phenotypes corresponded to changes in DNA methylation 

after exposure (Tan 2010; Garg et al. 2015; Xu et al. 2015; Chen et al. 2018). Parental 

exposure to drought and chemical stress can result in altered phenotypes in the next 

generation via transmission of DNA methylation, even when offspring do not 

experience these stressors in their current generation (Boyko and Kovalchuk 2010; 

Herman and Sultan 2016; Norouzitallab et al. 2019). Biotic stress experienced by parents, 

like pathogen or herbivore exposure, can also affect offspring phenotypes via 

transmission of DNA methylation across generations (Luna et al. 2012; Holeski, Jander, 

and Agrawal 2012a; Stassen et al. 2018).    
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The persistence and relative contribution of parent versus progeny DNA 

methylation in response to the environment continues to be an area of active research 

(Harper 2010; Herman et al. 2014). As DNA methylation can dynamically change as an 

organism responds to biotic and abiotic factors throughout its life (Bossdorf, Richards, 

and Pigliucci 2008; Migicovsky, Yao, and Kovalchuk 2014), questions remain about 

which generation’s DNA methylation in which environmental contexts can lead to 

adaptive plasticity. In this dissertation, I quantify the relative importance of parental 

versus progeny DNA methylation in regulating phenotypic plasticity to parental and 

offspring environments. 

 

The ecological importance of phenotypic plasticity in response to shade 

For plants, neighboring community can be an important environmental factor. 

As sessile organisms, plants are unable to migrate away from competitive or harsh 

environments within their current generation. Parental effects in response to neighbor 

density can alter phenotypes to allow subsequent generations to express traits that may 

increase competitive ability or increase temporal dispersal between parent and offspring 

through mechanisms like seed banking (Dalling, Swaine, and Garwood 1997). Whether 

neighbors have beneficial or adverse effects is hypothesized to be environmentally 

dependent, as competition decreases fitness in permissive environments but 

environmental buffering by neighbors can occur in stressful conditions (Maestre et al. 
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2009). In addition, neighboring community can exhibit seasonal variation (Wright, 

Schnitzer, and Reich 2014), which may cause the parental generation of annual plants to 

have greater accuracy for predicting the future neighbor environment of progeny than 

does the progeny’s current environment, since plants may experience competition as 

adults, after neighbor canopy develops, even if they do not experience closed canopy as 

young seedlings. While studies have shown that plants can respond to cues of neighbor 

presence within and across generations via phenotypic plasticity, the interaction 

between parent and offspring environment is seldom evaluated. Moreover, the relative 

contribution of parental versus offspring epigenetic control on plastic response to 

neighbors is unknown. 

 

Summary of goals of this dissertation 

The experiments presented in my dissertation aim to answer whether parent or 

offspring environment and corresponding parent or offspring DNA methylation 

regulate offspring phenotypes in the winter annual Arabidopsis thaliana. This species is 

native to Eurasia, has been introduced to North America, and has well-categorized 

morphology and life history under various environmental conditions. As neighbor 

density has significant consequences for plants, I manipulated simulated (Chapters 1 

and 2) and real (Chapter 3) neighbor competitive environments. I manipulated DNA 

methylation to assess whether parent or offspring epigenetic mechanisms contribute to 
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phenotypes in offspring using the genome-wide demethylating chemical, 5-azacytidine 

(Griffin, Niederhuth, and Schmitz 2016), in all experiments. Chapter 1 evaluated the role 

of parent and offspring DNA methylation on seed germination in response to parental 

and seed simulated canopy. Chapter 2 quantified the relative contribution of parental 

versus progeny DNA methylation in regulating phenotypic responses to parental and 

offspring environments across progeny development. Finally, Chapter 3 quantified the 

relative contribution of parent and offspring DNA methylation on phenotypes as 

offspring respond to heterospecific competition under simulated seasonal conditions. 

In Chapter 1, I tested whether parental DNA methylation influences germination 

response to past and present simulated canopy in three genotypes that vary in 

germination behavior and population origin. I chose to study germination because it has 

important consequences for fitness, as the timing of germination influences the 

environment experienced by subsequent life stages and is known to respond to both 

parent and offspring environment in many species, including A. thaliana. While 

molecular mechanisms regulating germination via gene and hormone pathways have 

been identified, the epigenetic regulation of parent and/or seed have not yet been 

quantified. Furthermore, DNA methylation occurs in three genomic contexts: CG, CHG, 

CHH, where H indicates any nucleotide other than G. While all three contexts of DNA 

methylation have been implicated in both the regulation of development and the 

transmission of parental effects (Harper 2010), whether specific epigenetic pathways and 
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contexts are involved in the regulation of shade-induced plasticity is unknown. My 

experiments aimed to evaluate to what degree parent or offspring DNA methylation 

influenced germination in a constant environment, to what degree parent and offspring 

simulated canopy influenced germination of offspring, and whether parental DNA 

methylation influenced plastic response to canopy in a manner specific to certain DNA 

methylation contexts (via chemical demethylation and mutants).  

While Chapter 1 verified that parental DNA methylation played a role in the 

regulation of progeny traits, it did not track traits across offspring development. In 

Chapter 2, I used descendants of a local population to examine the relative contribution 

and persistence of parent and offspring simulated canopy effects and DNA methylation 

on phenotypes across offspring development. Plant response to light environment, also 

called the “shade avoidance syndrome” (Franklin and Whitelam 2005a), influences both 

seedling and adult traits, but how shade experienced by parents versus offspring 

influences these offspring phenotypes across development and whether parental effects 

wane as offspring grow is unknown. Furthermore, although both parent and offspring 

environment may interact to affect phenotypic plasticity in offspring, the relative 

contribution of parent versus offspring DNA methylation on the regulation of plasticity 

has not yet been determined. Experiments in Chapter 2 aimed to evaluate whether 

parent and/or offspring DNA methylation influenced seedling traits, adult traits, and the 

correlation among them; whether parent and/or offspring DNA methylation were 
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involved in the regulation of response to canopy in these traits; and whether parent 

and/or offspring canopy or DNA methylation altered these trait correlations.  

In Chapter 3, I evaluated the contribution of parent and offspring DNA 

methylation on the response to heterospecific competition experienced by progeny and 

quantified fitness consequences of those responses under simulated seasonal conditions. 

Heterospecific neighbor presence and density can result in positive or negative 

interactions between species in a manner that may depend on other aspects of the 

environment, such as seasonal environmental factors (Wright, Schnitzer, and Reich 2014; 

Leverett 2017a). Furthermore, as organisms are likely dynamically responding to 

seasonal changes, such as photoperiod and temperature, as well as to competitors, DNA 

methylation may mediate the balance of these plastic responses. In Chapter 3, I 

simulated the natural seasonal growing conditions of A. thaliana in Durham, NC and 

manipulated neighbor density of a commonly occurring competitor, Stellaria media. I also 

manipulated DNA methylation of parents and offspring. I aimed to evaluate whether 

neighbors affected growth and fitness, whether parental and/or progeny DNA 

methylation regulated phenotypic and fitness responses to neighbors, and whether 

responses varied by genotype.  

This dissertation demonstrated that parental environment and DNA methylation 

can be important in the regulation of offspring phenotypes, especially early in 

development. As offspring aged and grew, the offspring environment and DNA 
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methylation became increasingly important relative to parental effects, yet parental 

effects could be quite persistent. Furthermore, genotype had significant effects on the 

magnitude and direction of parental effects and on the relative significance of DNA 

methylation within and across generations on offspring phenotype. Therefore, 

epigenetic regulation of progeny phenotypes likely has a genetic basis which varies 

across populations, and therefore itself has the potential to evolve. 
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1. Parental epigenetic control of early-life phenotypic 
plasticity 

1.1. Introduction 

Phenotypic plasticity is the ability of individuals of the same genotype to alter 

their phenotype when exposed to different environments (DeJong 2005; Miner et al. 

2005). A specific form of phenotypic plasticity, known as parental environmental effects, 

occurs when offspring phenotypes change in response to the parent’s environment 

(Uller 2008). Progeny phenotypes, therefore, can respond to both their own environment 

as well as the environment of their parents. The degree to which progeny phenotypes 

are determined by parents versus the progeny themselves can allow insight into the 

evolution of adaptive phenotypic plasticity within and across generations. Furthermore, 

the molecular mechanisms underlying phenotypic response to parental and present 

environments have not yet been determined, but such information could provide insight 

into how interactions between parent and offspring are mediated.  

Phenotypic plasticity in response to an individual’s environment has been 

frequently demonstrated in diverse taxa (Schlichting and Smith 2002). For example, in 

plants and animals, changes in temperature can alter coloration or reproductive timing 

(Sword et al. 2000; Lacey and Herr 2005; Anderson, Willis, and Mitchell-Olds 2011; 

Scheepens, Deng, and Bossdorf 2018). Exposure to predators can cause the production of 

defensive chemicals or structures in both plants and animals (Boersma, Spaak, and De 
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Meester 1998; Laurila and Kujasalo 1999; Agrawal et al. 2002). By responding to 

environmental cues early in development, such as predators (e.g., DeWitt) or 

competitors (e.g., Schmitt), an individual can alter its phenotype in time to tolerate or 

avoid adverse components of their environment.  

Parental environmental effects, in which phenotypes in offspring vary by 

parental environment, are also very common (Uller 2008). For instance, resource 

availability, the density of neighbors, temperature, and other cues of environmental 

conditions in the previous generation can affect the phenotypes of offspring (Rossiter 

1996; Badyaev and Uller 2009; Lampei, Metz, and Tielbörger 2017). Parental effects can 

influence phenotype even when offspring experience different environments than their 

parents; for example, plants grown in salt stress yield shorter stature offspring despite 

offspring experiencing salt-free environments (Boyko et al. 2010). 

Plasticity to one's own environment is adaptive when the environment induces a 

phenotype that increases fitness in that environment. In variable environments, when 

the environment that induces a phenotypic change is an accurate predictor of the 

environment that exerts selection on that phenotype, responding to that cue can be 

adaptive. Adaptive plasticity has been demonstrated in multiple biological systems. For 

example, in frogs, accelerating development after cold temperature resulted in increased 

body mass and survival (Richter-Boix, Orizaola, and Laurila 2014). Tobacco plants 

exposed to herbivory that produced defensive chemicals were subject to less damage 
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from herbivores which resulted in higher fitness, while individuals that produced these 

defensive chemicals without the presence of herbivores demonstrated reduced fitness 

(Baldwin 1998). A classic example of adaptive plasticity in plants is the “shade-

avoidance response”, in which responding to early cues of neighbors causes 

morphological and developmental changes that allow plants to overtop their neighbors 

and initiate reproduction before resources are depleted (Callahan and Pigliucci 2002).  

Shade avoidance has been shown to be adaptive in high density but to have costs in low 

density, confirming that the phenotypic adjustments are adaptive (Dudley and Schmitt 

1996; Dechaine et al. 2007). 

Regarding parental environmental effects, theoretical studies similarly posit that 

the more accurately the parental environment predicts future environments that exert 

selection on offspring, the greater will be the prevalence of parental effects (Uller 2008; 

Badyaev and Uller 2009; Auge et al. 2017a). Parental effects are predicted to be favored 

over within-generation plasticity when the parental environment more accurately 

predicts the future environment than does the offspring’s own early environment (Uller 

2008; Burgess and Marshall 2014a; Kuijper and Hoyle 2015). This scenario may result 

when environments vary within a single generation, such as seasonal environments. For 

instance, parental competitive environment may be a more accurate indicator of future 

competition than the environment experienced by seedlings early in life, before the 

vegetative canopy has emerged (Leverett et al. 2016a; Leverett 2017a) However, if 
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environments change directionally over time, parental environments may only predict 

early progeny environments but not environments experienced later; in that case, 

parental effects are expected to decline in magnitude over the course of progeny 

development. When parental cues lose accuracy, responding to more accurate cues 

experienced directly by progeny would be favored. When progeny environments are 

more predictive than parental environments, then effects of the progeny environment 

can even override parental effects (Reed et al. 2010; Shama et al. 2016). In completely 

unpredictable environments, bet hedging, or increasing variation of phenotypes in 

similar environments, is likely to be favored (Simons 2014; Dey, Proulx, and Teotónio 

2016). For example, some desert annual plants form seed banks through asynchronous 

germination in response to unpredictable precipitation (Lampei, Metz, and Tielbörger 

2017), and some fish species that increase variation in the size and number of eggs as 

streams become more turbulent and unpredictable (Morrongiello et al. 2012). In short, 

the mode of environmental variation over time--and specifically how accurately 

environmental cues in parent versus progeny generations predict selection on progeny 

phenotypes--influences whether plasticity to parent versus progeny environment would 

produce adaptive progeny phenotypes. Costs of plasticity, either to progeny or parents, 

also determine whether within-generation plasticity or parental environmental effects 

will be favored. Despite numerous studies that have documented responses to parent or 

offspring environmental factors independently, far fewer studies have quantified the 
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effect of the same environmental factor experienced by parents versus progeny on 

progeny phenotypes (reviewed in Auge et al. 2017; Leverett et al. 2016a; Shama et al. 

2016). Such studies are necessary to explicitly compare the relative contribution of 

parents versus progeny on expression of progeny phenotypes. 

Diverse molecular mechanisms regulate phenotypic plasticity. In particular, 

epigenetic mechanisms, such as DNA methylation and histone modification, can transfer 

information of past experiences to influence current phenotypes, even after the 

environmental stimulus disappears (Gibney and Nolan 2010; Schaefer and Nadeau 2015; 

Quadrana and Colot 2016). Epigenetic changes in DNA methylation (Richards 1997) and 

histone modification (Yaish, Colasanti, and Rothstein 2011; Berr, Shafiq, and Shen 2011) 

are important regulators of development within a generation, from embryogenesis 

(Kawakatsu et al. 2017) to the initiation of flowering (Cortijo et al. 2014; Li et al. 2014). 

They can be stably inherited across organismal generations, transmitting environmental 

information from parent to progeny (Kappeler and Meaney 2010; Boyko and Kovalchuk 

2011). For example, exposure to abiotic stressors such as increased temperature 

(Norouzitallab et al. 2014; Weyrich et al. 2016) and high salinity or other chemicals 

(Kovalchuk et al. 2003; Vandegehuchte, Lemière, and Janssen 2009; Boyko et al. 2010; 

Bilichak et al. 2012; Ou et al. 2012) in the parental generation led to altered progeny 

phenotypes to match their parents with corresponding similar DNA methylation 

patterns. Other environmental factors like nutrient poor diets of parents can also result 
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in alterations of DNA methylation which lead to similar phenotypes between parent and 

offspring (Bonduriansky and Head 2007; McKay et al. 2011; Vickers 2014). Despite being 

fed normal diets in the current generation, rats and Caenorhabditis elegans born from 

starved mothers shared their parent’s altered DNA methylation patterns and exhibited 

an increase in metabolic diseases (Burdge et al. 2007; Webster et al. 2018). In Arabidopsis 

thaliana, individuals that experienced increases in temperature had alterations in DNA 

methylation that were inherited by the next generation, leading to more rapid 

development in offspring despite being reared in permissive conditions themselves 

(Suter and Widmer 2013; Migicovsky, Yao, and Kovalchuk 2014). In addition, biotic 

stresses like disease exposure can result in immune priming in the next generation 

through the inheritance of DNA methylation (Holeski, Jander, and Agrawal 2012a; 

Stassen et al. 2018) . When the parental generation was exposed to the Tobacco mosaic 

virus, offspring shared DNA methylation patterns with their parents and exhibited 

activation of genes regulating the immune response without direct exposure to the virus 

in A. thaliana and Nicotiana tabacum (Boyko et al. 2007; Kathiria et al. 2010; Stassen et al. 

2018). Therefore, DNA methylation can mediate phenotypic responses to the 

environments experienced by both parent and offspring generations. However, the 

relative contribution of parental versus offspring DNA methylation in determining 

phenotype remains unknown.  
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The genomic context of DNA methylation indicates where a methylated cytosine 

lies in the DNA sequence, and this context is correlated with the function of the 

methylation (Zhang et al. 2006). Genomic context of DNA methylation can be CG, CHG, 

or CHH, where H indicates any nucleotide other than G. All contexts of DNA 

methylation have been found to influence development and have the potential to be 

inherited across organismal generations (Harper 2010). CG methylation tends to lie in 

gene bodies, while CHG methylation can be closely associated with histone 

modifications (Niederhuth and Schmitz 2017). CHH methylation is often associated with 

repetitive or transposable elements (Niederhuth and Schmitz 2017). CHH 

hypermethylation, which can repress expression and mobilization of transposable 

elements, is often shared between parent and offspring across organismal generations 

(Dubin et al. 2015; Quadrana and Colot 2016). In addition, when exposed to increased 

temperature or salinity, CHH regions can become hypomethylated, and these changes 

can be inherited across organismal generations (Grativol, Hemerly, and Ferreira 2012).  

Methyltransferases maintain methylation in a variety of genomic contexts.  In 

Arabidopsis thaliana, MET1 is involved in de novo methylation and the maintenance of 

cytosine methylation primarily in the gene-rich CG context (Kato et al. 2003; Kankel et 

al. 2003).  In contrast, KYP is involved in histone methylation and is associated with 

maintaining DNA methylation primarily in the CHG and CHH contexts (Inagaki et al. 

2010). VIM1 is associated with the establishment and maintenance of DNA methylation 



 

18 

during cell division, primarily in CG and CHG contexts (Woo, Dittmer, and Richards 

2008). In plants, the RNA-directed DNA methylation (RdDM) pathway also regulates 

DNA and histone methylation (Lei et al. 2015; Bond and Baulcombe 2015). In the CHH 

context, the RdDM pathway is an important regulator of the transposition of 

transposable elements. In other contexts, RNA-directed methylation is known to be 

involved in important regulatory pathways, such as phytohormone biosynthesis, 

regulating the balance of abscisic acid and gibberellic acid (Chinnusamy, Gong, and Zhu 

2008; Nonogaki 2014;) among many other functions. Genes such as CMT3 are involved 

in the RdDM pathway, maintain methylation in CHG and CHH contexts, and have been 

implicated in gene and transposon silencing (Lindroth et al. 2001; Kato et al. 2003;). 

Many developmental transitions are controlled by epigenetic regulation of gene 

expression. In this study, we focus on one of the earliest developmental transitions: from 

seed to germinant. Seed germination is highly responsive to multiple seasonal 

environmental factors, including temperature, photoperiod, nitrogen availability, water 

availability, and acute drought (Donohue et al. 2005a; Heschel et al. 2007; Footitt et al. 

2013). The timing of seed germination and the responsiveness of seed germination to 

environmental cues is facilitated by seed dormancy (Baskin and Baskin 2004; Donohue 

et al. 2005b; Edwards et al. 2016). Seed dormancy, or the failure of seeds to germinate 

under favorable conditions, is a form of developmental arrest. Certain environmental 

conditions are required to alleviate dormancy and permit the resumption of 
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development. Moreover, the depth of dormancy determines the range of environmental 

conditions under which seeds can germinate (Baskin and Baskin 1998).  In A. thaliana, for 

example, partially dormant seeds can germinate only at low temperature, but as 

dormancy is lost, they gain the ability to germinate at higher temperature (Burghardt, 

Edwards, and Donohue 2016). Therefore, dormancy strongly determines how 

responsive seeds are to environmental cues.  

Seed dormancy and germination timing are under strong natural selection in 

many plants (reviewed in Donohue et al. 2010). In many plant species, the highest 

mortality occurs during the seedling stage. Because the timing of germination 

determines the environment experienced by seedlings and even adults (D’Aguillo, 

Edwards, and Donohue 2019), dormancy and germination are under strong selection 

(Debieu et al. 2013; Postma and Ågren 2016). In A. thaliana, for example, high seed 

dormancy, early flowering, and fast growth rates can be advantageous in areas of 

drought, while low seed dormancy, late flowering, and slower growth rates are 

advantageous in areas with higher water availability (Debieu et al. 2013). Local 

adaptation to seasonal cues can lead to genetic divergence in dormancy and germination 

timing (Postma, Lundemo, and Ågren 2016). Studies across native ranges of plant 

species reveal germination cues to reflect similar geographic and/or climatic 

environments of populations (Chiang et al. 2011; Wadgymar, Mactavish, and Anderson 
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2018), which suggests that natural selection acts on the genetic and epigenetic regulation 

of dormancy.  

In addition to germinating in response to the current environment, seeds can 

alter germination in response to environmental signals experienced in the parental 

generation (Baskin and Baskin 2004). The experience of the maternal plant can delay or 

accelerate germination timing depending on the cue (Lampei, Metz, and Tielbörger 2017; 

Hatzig et al. 2018) . Maternal experience of photoperiod, nitrogen availability, and 

shading have been shown to affect the germination propensity of seeds in the next 

generation (reviewed in Donohue 2009). In A. thaliana, parents that experience cool 

temperature or drought produce seeds with higher dormancy, but temperature 

experienced by seeds can moderate these effects (Edwards et al. 2016).  

Beyond temperature and water availability, light quality is an important factor 

that influences germination and other life-history traits (Morelli and Ruberti 2002). 

Shading by vegetative canopy limits the amount of irradiance that can be used to 

produce sugars via photosynthesis and alters the ratio of red : far-red light (Smith 2000). 

Phytochromes detect differences in these ratios allowing plants to sense the presence of 

neighbors at every life stage, including seeds (Franklin and Quail 2010). The prevalence 

of the shade avoidance syndrome reveals that plants can change their morphology and 

life history transitions in response to shading by green neighbors. In many plant species,  

individuals grown under shade often demonstrate elongated petioles, increased specific 
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leaf area, decreased root to shoot ratio, and accelerated flowering time (Smith and 

Whitelam 1997; Griffith and Sultan 2006; Wollenberg et al. 2008). Shading in the parental 

environment can also influence progeny phenotypes. In A. thaliana, both the parent and 

offspring environments altered the germination timing and propensity of seeds 

(Leverett et al. 2016a). While studies have examined germination responses to parental 

and seed shading, few studies have examined the epigenetic mechanism that regulates 

germination response to both parent and offspring environments.  

DNA methylation has been implicated in shade avoidance responses. Shade 

avoidance responses are controlled by phytochromes and hormones (Devlin, Yanovsky, 

and Kay 2003) which are sometimes regulated by epigenetic mechanisms (Kim et al. 

2019). Shading of leaves causes auxin to mobilize to the roots (Procko et al. 2014), 

altering root structures after conformational change in phytochromes (Rockwell, Su, and 

Lagarias 2006). Along with increased auxin production, increased histone methylation 

and acetylation have been documented in plants that experience shading by canopy 

(Tessadori et al. 2009). Histone methylation is associated with changes in DNA 

methylation (Vaissière, Sawan, and Herceg 2008), and the KYP gene is known to 

influence both histone and CHG methylation (Du et al. 2014). In addition, experiments 

that chemically reduce DNA methylation via drugs such as 5-azacytidine can cause 

plants to develop characteristic shade avoidance syndrome traits despite never 

experiencing shade (Bossdorf et al. 2010; Yaish, Colasanti, and Rothstein 2011). 
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Furthermore, progeny DNA methylation mediated parental effects of shading on 

seedling traits in Polygonum persicaria, but the interaction of parental environment and 

parental DNA methylation on offspring phenotype was not examined (Baker, Berg, and 

Sultan 2018; Baker et al. 2019b). Therefore, evidence exists that DNA methylation in part 

regulates some shade avoidance responses.  However, it remains unknown whether 

parental or progeny DNA methylation has stronger control over responses to parental 

and progeny shade environments.    

In this study, we examined parental versus progeny control of progeny 

germination responses to shade in A. thaliana. We first tested whether parental or 

progeny methylation was involved in regulating germination in a constant environment. 

We then manipulated both parent and offspring shade environment, quantified 

germination responses to shade in each generation, and further evaluated whether 

parental methylation altered seed responses to parental and progeny shade. Finally, 

using multiple mutants in different methylation pathways and genomic contexts of 

DNA methylation (i.e., CH, CHG, CHH), we examined whether specific pathways and 

contexts of DNA methylation are involved in regulating germination responses to 

parent and seed shade. With these experiments, we addressed the following specific 

questions: (1) Does disruption of parental or progeny DNA methylation influence 

germination in a constant environment, (2) To what degree do parental and progeny 

shade environment influence germination, (3) Does disruption of parental DNA 
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influence germination in response to parental or progeny shade environment?, and (4) 

Which methylation contexts are involved in regulating germination responses to 

shade, and do effects of genetic demethylation of both parental and progeny DNA 

(via mutation) differ from effects of disrupting only parental DNA demethylation 

(through chemical disruption)? 

1.2. Materials and Methods 

Arabidopsis thaliana is a winter annual plant in the family Brassicaceae. It typically 

germinates in autumn, overwinters as a vegetative rosette, then initiates and concludes 

reproduction the following spring.  It inhabits a diversity of open habitats in its native 

range and usually inhabits disturbed areas in its range of introduction.  A. thaliana 

harbors natural genetic variation in dormancy and germination timing (Donohue 2002; 

Bentsink et al. 2010; Atwell et al. 2010; Montesinos-Navarro, Picó, and Tonsor 2012; 

Kronholm and Collins 2016; Postma, Lundemo, and Argen 2016), and vary in their 

germination response to water availability, light, and temperature experienced by both 

parents and seeds themselves (Burghardt et al. 2015a; Auge et al. 2015; Edwards et al. 

2016).  A. thaliana responds to light throughout its development (Devlin, Yanovsky, and 

Kay 2003; Leverett et al. 2016a; Pantazopoulou et al. 2017; Ballaré and Pierik 2017). In 

this species, shading by canopy alters germination propensity, increases internode 

distance, and accelerates flowering (Morelli and Ruberti 2002). Responses to light vary 

by ecotype, suggesting variable natural selection on genetic and/or epigenetic processes 
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that influence the within- and trans-generational response to canopy shading. 

Laboratory mutants in epigenetic pathways are available, allowing tests of the 

contribution of specific epigenetic pathways to regulating within- and trans-generational 

effects of light on progeny phenotypes. 

We performed experiments using genotypes of Arabidopsis thaliana that exhibit 

natural variation in dormancy and using mutant lines that target specific genes 

controlling DNA methyltransferases in different genomic contexts, and one gene in the 

RdDM pathway (Appendix A Table A1).  

For all experiments, the parental plants were grown in the Duke University 

Phytotron controlled plant growth facility in E7-2 Environment Growth Chambers 

(Durham, NC, USA). Plants were grown at 22°C under a 12h light/12h dark diurnal 

cycle to provide seeds for the experiments described below. When 75% or more of the 

siliques on all plants were mature, water was withheld, and plants senesced.  Seeds were 

collected and stored at room temperature in desiccators for less than two weeks, until 

the start of germination experiments.  All germination assays were conducted in the 

Percival Model GR41LX incubation chamber (Percival Scientific Inc., Perry, IA, USA).  

1.2.1. Experiment 1: Parental vs progeny epigenetic control of 
germination 

To test whether DNA methylation affects germination, we manipulated 

methylation with 5-azacytidine, a genome-wide DNA demethylating chemical (Griffin, 

Niederhuth, and Schmitz 2016), using a single A. thaliana ecotype (Cvi-1 from the Cape 
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Verde Islands, Africa, Appendix C Table C2). This genotype was used because of its 

strong seed dormancy (Alonso-Blanco et al. 2003; Finch-Savage et al. 2007; Huang et al. 

2015).  We split parental seeds into DNA demethylation treatment and control groups to 

test whether parental DNA methylation influences germination of offspring. To grow 

the parental generation, we loaded 2mg of seeds on 90mm dishes filled with 0.7% agar 

and cold-stratified dishes for four days at 4 °C to break dormancy. Treatment and 

control groups received 1mL of 50µM 5-azacytidine or water only fresh daily for four 

days, respectively. After two weeks of growth, we transferred one individual per 

57.15mm wide square pots into fresh soil, with 15 replicates per treatment type. We 

placed pots in Duke Phytotron growth chambers set to 22°C with a 12-hour light/12-

hour dark diurnal cycle. Pots were randomized within the growth chamber. We 

harvested seeds after senescence, as described above. 

We used the seeds from the parental generation to test whether germination is 

controlled by parental or progeny DNA methylation. We split freshly harvested seeds 

(<2 weeks of after-ripening) of both parental DNA methylation treatments into 

treatment or control germination cohorts, using a fully factorial 2-way design for a total 

of four treatments (parental DNA demethylation + offspring DNA demethylation, 

parental DNA demethylation only, progeny DNA demethylation only, and water 

control only). We loaded 35mm 0.7% agar dishes with twenty seeds and affixed lids 

with parafilm, using 15 replicates per parent x progeny treatment groups for a total of 60 
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dishes. Seed treatment and control germination groups were chemically treated in the 

same manner as the parental generation. We set germination chambers to 22°C with 12-

hour light/dark diurnal cycles for the germination assay. Germination dishes were 

rotated within trays, and tray positions within chambers were rotated every week. We 

defined germination as radicle protrusion through the seed coat after three weeks. We 

measured germination proportion as the number of germinated seeds out of the total 

number of viable seeds per dish (n=20). 

1.2.2. Experiment 2: Effect of parental DNA methylation on responses to 
simulated vegetation shade  

To test the hypothesis that germination response to light environment in parent 

and offspring generations is controlled by parental epigenetic regulation, we used three 

ecotypes of Arabidopsis thaliana that vary in dormancy and morphology to represent a 

subset of natural variation of early life behavior in this species (Appendix C Table C2) : a 

non-dormant genotype laboratory accession (Col), a dormant genotype from the Cape 

Verde Islands (Cvi-0), and an additional genotype from the Cape Verde Islands with low 

to intermediate dormancy (Cvi-1) (Alonso-Blanco et al. 2003).   

To test whether parental epigenetic regulation influences germination responses 

to shade, we chemically treated seeds in the parental generation as described in 

Experiment 1. After cold stratification and treatment, we transferred dishes to growth 

chambers in the Phytotron at 22°C/16°C with 12-hour diurnal cycles and imposed two 

parental light treatments as follows. 
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To manipulate parental light environment, we grew the parental generation 

under unfiltered white light or green filter (LEE color effect filters, #730 “Liberty Green”; 

LEE Filters, Andover, Hampshire, UK). Green filter reduced the red to far-red ratio 

(R:FR) by 23.3%. By reducing both R:FR and total irradiance, green filter mimics shading 

by a vegetative canopy. First, we loaded seeds of each genotype and treatment on 90mm 

dishes filled with 0.7% agar and separated seeds into white-light and green-filter 

cohorts. We broke dormancy through cold stratification of 4°C for four days. To ensure 

only white light or green-filtered light was experienced by seeds, trays were covered by 

aluminum foil with clear plastic lids or plastic lids covered with green filter. Seed trays 

were put into growth chambers set to 22°C with a 12-hour light/12-hour dark diurnal 

cycle. After growing for two weeks, we transplanted seedlings individually per 

57.15mm wide square pots with fresh soil with 20 replicates per demethylation 

treatment x parental light environment. Pots were placed in the growth chamber, with 2 

blocks of shade and 2 blocks of white light within each chamber. Shade manipulation of 

adult plants was imposed by erecting PVC frames covered with green filter or clear filter 

and lined with aluminum foil on all sides. Plants of a given treatment were randomized 

across blocks every 7-10 days. We harvested seeds after senescence, as described above. 

To manipulate seed light environment, the same filters were used to simulate 

vegetation canopy as described above. We loaded 35mm 0.7% agar dishes with twenty 

freshly harvested (< 2 weeks) seeds from one of each parental methylation treatment and 
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parental light treatment combination, and affixed lids with parafilm. Petri dishes were 

placed in trays covered with either transparent or green filter, and the bottom of trays 

were covered in aluminum foil to ensure light was only received from above, through 

clear plastic or green filter-covered plastic lids for the duration of the germination assay. 

We used 30 dishes per tray (block) and 6 trays per seed light treatment. The germination 

chamber was set to 22°C with 12-hour light / 12-hour dark diurnal cycles. Plates were 

randomized across trays within a treatment every week.  We used 15 replicates per 

genotype x parent methylation x parental light x progeny light treatments, for a total of 

360 petri dishes (unit of analysis).  Germination was scored as in Experiment 1, 

described above. 

1.2.3. Experiment 3: Mutation vs chemical demethylation effect on 
response to neighbors 

To test whether DNA methylation pathways influence germination responses to 

shade differently, we used tDNA insertion mutants on the Col background which 

effectively knock down the gene of interest. We chose cmt3, ddm1, kyp, met1, and vim1 

mutants to alter function in a variety of processes related to epigenetic inheritance 

(Appendix A Table A1), including DNA methylation context (CG, CHG, CHH), function 

(de novo, maintenance), association with other epigenetic machinery (i.e., histone 

modification), and involvement with the RdDM pathway. These mutations in epigenetic 

regulatory genes are stably inherited across organismal generations, while chemical 

disruption via 5-azacytidine-mediated demethylation may be “reset” over time after 
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treatment, thereby allowing a comparison of permanent disruption of DNA methylation 

(mutants) versus transient chemical disruption of DNA methylation. 

 We grew 20 replicate individuals of all mutant genotypes under the same 

growth conditions described in Experiment 2, assigning half the replicates of each 

genotype to either green filter or white light treatments, as described in Experiment 2. 

We harvested seeds after senescence, as described above.   

To manipulate seed light conditions, we implemented the same manipulation of 

seed light environment as described in Experiment 2. Germination was scored as 

described above. We used 15 replicates of each genotype x parental light x progeny light 

treatments for a total of 360 plates (unit of analysis).  

It should be noted that Experiment 2 and 3 were grown at the same time and 

under the same conditions, and the same plants of the Col genotype were used for 

comparisons in both experiments. 

1.2.4. Statistical analysis 

We analyzed data using R v. 4.0.0 (R Core Team, 2020). To quantify germination 

as influenced by parental and progeny DNA methylation treatment in Experiment 1, we 

regressed germination proportion versus parental and progeny treatments using 

generalized linear models via the “glm” function and the quasibinomial distribution 

(family) in the stats package. For Experiments 2 and 3 involving light treatments, we 

used generalized linear models with germination proportion as the dependent variable 
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and genotype, parental light treatment, seed light treatments, parental chemical 

demethylation, and their interactions as fixed effects. When interpreting results, we set 

white light and water (no demethylation) conditions as the reference. For Experiment 3, 

Col was the reference genotype.  We used Type III analysis of variance to test the 

significance in all experiments. 

To test for pairwise differences in the germination proportion of each genotype 

within each treatment combination, we used the function “pairwise” in the emmeans 

package (Lenth et al. 2020). We estimated the effect of each light condition on 

germination for each estimated marginal means, using Tukey’s method to adjust 

significance thresholds for multiple comparisons. For Experiment 3, Col was compared 

to Col treated with 5-azacytidine and to the mutants. We used the Holm procedure to 

adjust p-values for multiple comparisons. 

1.3 Results 

1.3.1 Experiment 1: Parental DNA methylation, not progeny DNA 
methylation, affected germination.  

Parental DNA demethylation significantly affected germination behavior, while 

progeny DNA demethylation did not in Cvi-1(Fig 1, Table 1). Parental treatment with 5-

azacytidine increased germination proportion, but seed treatment did not significantly 

alter germination (Fig 1, Table 1). There was no significant interaction of parental and 

seed treatment (Table 1). 
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Figure 1. Parental vs progeny DNA methylation on germination. Mean germination 
proportion is plotted on the y axis. Seed treatment is demonstrated on the x axis with 
control (water only) on the left. Parental treatment is demonstrated with the fill; see the 
legend. Significant effect of treatment on germination is depicted with *** (p<0.001). See 
Table 1 for the analysis of variance. 

 

Table 1. Experiment 1: Results of analysis of variance on disruption of parental and 
seed DNA methylation based on generalized linear models. Parental plants of the Cvi-
1 ecotype were either imbibed as seeds with 5-azacytidine (parental demethylation) to 
disrupt DNA methylation or were imbibed in water only. Harvested seeds were also 
treated in a fully factorial design before performing a germination assay. Factors with a 
significance of p<0.001 are bolded and signified by (***).  
 

 Fixed effect LR Chi Sq Df 

Parental demethylation  10.41*** 1 
Seed demethylation 1.56 1 
Par x Seed demethylation 0.49 1 
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1.3.2. Experiment 2: Parental light and parental DNA methylation 
affected germination 

Seeds responded to the combination of parent and progeny canopy in a 

genotype-specific way, as demonstrated by a significant three-way interaction of 

genotype x parental light x progeny light (Table 2). With unmanipulated DNA 

methylation, parental exposure to simulated vegetative canopy decreased germination 

in Col (low innate dormancy) and Cvi-1 (intermediate innate dormancy), but increased 

germination in Cvi-0, the genotype with the strongest innate dormancy (Fig 2). These 

results suggest that the strength of innate dormancy may influence the magnitude and 

direction of parental effects of light. Progeny light condition did not significantly 

influence germination proportion in Col and Cvi-1, (Table 3). Cvi-0 seeds had a 

significantly higher germination proportion under progeny white light than progeny 

shade, but only if parents were also grown under white light (Table 3). This result 

suggests that strongly dormant genotypes, such as Cvi-0, may respond more strongly to 

current seed environment than less dormant ones, such as Col and Cvi-1.  
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Figure 2. Reaction norms of germination proportion to parental DNA methylation, 
parental canopy (green filter), and seed canopy (green filter). Mean germination 
proportion is plotted on the y axis. The x axis represents parental canopy environment 
simulating growing alone (white light) or under simulated canopy (green filter). Each 
graph from left to right represents each genotype in the following order: Col, Cvi-0, Cvi-
1. Line type demonstrates parental DNA demethylation treatment with water only 
control in solid lines and parental 5-azacytidine treatment (Aza) in dashed lines. Line fill 
color represents seed canopy environment to simulate growing alone (white light) in 
gray or growing under simulated canopy (green filter) in green. Error bars represent the 
95% confidence interval. Tables 3 and 5 list the results for Tukey’s pairwise comparisons 
and the analysis of variance of the generalized linear model. 

 
1.3.3. Parental DNA demethylation altered germination response to 
parental light environment, while germination response to progeny light 
environment was only affected by parental demethylation in one 
genotype. 

Parental demethylation treatment significantly affected germination in all 

genotypes (Tables 2 and 3). Parental demethylation treatment interacted significantly 

with genotype and with parental light treatment (Table 2), indicating that demethylation 

treatment altered germination proportion in a light- and genotype-dependent way. 
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When DNA methylation was disrupted in the parental generation, the parental effect of 

canopy changed, and these effects varied depending on genotype (Fig 2). For Col and 

Cvi-1, disrupting DNA methylation in parents reversed the parental effect that was 

observed in the control water treatment (Fig 2, Table 3). Specifically, seeds from parents 

reared under canopy germinated in higher numbers than those from parents reared in 

white light (Fig 3, Table 3). However, for the dormant genotype of Cvi-0, disrupting 

DNA methylation led to a loss of parental effect; there was no significant difference in 

germination between seeds from parents reared under canopy or white light (Table 3). 

When DNA methylation was disrupted in parents, the rank order of genotypes was 

altered; Col seeds germinated more than Cvi-0 and Cvi-1 when parental methylation 

was disrupted. Together these results indicate that parental DNA methylation mediates 

parental environmental effect. 
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Table 2. Experiment 2: ANOVA on the GLM to test for effect of parental DNA 
methylation, parental canopy environment, and seed canopy environment. Seeds in 
the parental generation of the wildtype Col, Cvi-0, and Cvi-1 genotypes were imbibed in 
5-azacytidine (parental demethylation) to chemically demethylate DNA or imbibed in 
water only. Parental plants were grown under canopy (green filter) or white light. 
Freshly harvested seeds were placed into germination assays of canopy or white light. 
Significant factors and their corresponding Chi-squared values are bolded with *** = 
p<0.001, ** = p<0.01, and * = p<0.05. 
  

 Fixed effect  LR Chi Sq Df 

Geno 127.47*** 2 
Parental demethylation 61.00*** 1 
Parental canopy 1.83 1 
Seed canopy 18.73*** 1 
Geno x Par demethylation 81.29*** 2 
Geno x Par canopy 116.78*** 2 
Par demethylation x Par canopy 47.13*** 1 
Geno x Seed canopy 7.62* 2 
Par demethylation x Seed canopy 0.80 1 
Par canopy x Seed canopy 8.65* 1 
Geno x Par demethylation x Par canopy 0.05 1 
Geno x Par demet x Seed canopy 2.30 2 
Geno x Par canopy x Seed canopy 11.39* 2 
Par demet x Par canopy x Seed canopy 1.45 1 
Geno x Par demet x Par canopy x Seed canopy 0.00 1 
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Table 3. Experiment 2: Estimated marginal means for demethylation treatments for 
pairwise comparison of parental and seed canopy effects based on GLM.  Each 
genotype and parental treatment is listed with the estimated marginal means for the 
significance of parental environment (Parental effect EMM) and seed canopy 
environment (Progeny effect EMM). For each pairwise comparison of parental or 
progeny canopy environment, all other variables are held constant. For example, the 
first row gives the effect of parental canopy environment (“Parental effect”) for Col 
seeds from parents imbibed in water, and seeds exposed to white light; and the effect of 
progeny canopy environment (“seed effect”) of Col seeds whose parents were imbibed 
in water and grew in white light. Significant estimated marginal means are bolded with 
*** = p<0.0001, ** = p<0.001, and * = p<0.01. 
 

Genotype Parental 

Demethylation 
Seed 

Canopy 
Parental 

effect EMM 
Parental 

filter 
Seed effect 

EMM 

Col Water White light 1.55** White light 0.59 
Water Canopy  1.33** Canopy 0.37 
5-azacytidine White light -1.48*** White light 0.48 
5-azacytidine Canopy -1.82*** Canopy 0.14 

Cvi-0 Water White light -0.43 White light 5.27* 
Water Canopy -5.49* Canopy 0.21 
5-azacytidine White light -15.67 White light 0.00 
5-azacytidine Canopy -16.39 Canopy -0.71 

Cvi-1 Water White light 2.54*** White light 0.47 
Water Canopy 2.01*** Canopy  -0.07 
5-azacytidine White light -0.86* White light 0.52 
5-azacytidine Canopy -0.36 Canopy 1.03* 

 

Seeds of Col and Cvi-0 did not respond to the seed canopy environment when 

parental DNA methylation was disrupted (Fig 2, Table 3). In contrast, seeds of 

demethylated parents of Cvi-1 responded to their own canopy environment by 

increasing germination under progeny white light (Fig 2, Table 3), even though they did 

not respond to seed white light conditions in the water control treatment. This result 
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suggests that parental DNA methylation on this genetic background may repress the 

ability of progeny to respond to their own light environment. 

1.3.4. Experiment 3: All contexts of DNA methylation are involved in 
parental effects of light, and disruption of DNA methylation only in 
parents resembles effect of permanent genetic disruption of DNA 
methylation in mutants  

All mutants had significantly different germination response to parental light 

compared to untreated wildtype Col, indicating that all contexts of DNA methylation 

are involved in the transmission of this parental canopy effect ( Fig 3,  Tables 4 and 5). 

Seeds of cmt3 lost the parental canopy effect, while all other mutants demonstrated a 

reversal of parental canopy effect when compared with the untreated wildtype (Fig 3, 

Table 5). Therefore, cmt3 may regulate parental effects through different pathways than 

the other mutants. Neither genetic nor chemical disruption of DNA methylation in Col 

altered germination responses to seed canopy environment. 
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Table 4. ANOVA results on the GLM to test for effect of parental DNA methylation 
and canopy environment of parents and seeds in Col background mutants. Seeds in 
the parental generation of the Col genotype were imbibed in 5-azacytidine or tDNA 
insertion mutants to disrupt DNA methylation (Geno) compared to wild type Col 
imbibed in the water control. Parental plants were grown under green filter or white 
light. Harvested seeds were placed into germination assays of green filter or white light. 
Significant Chi-squared values are bolded with *** = p<0.001, ** = p<0.01, and * = p<0.05. 
 

Fixed effect LR Chi Sq Df 

Parental canopy  4.89* 1 
Genotype  6.29 5 
Seed canopy 1.06 1 
Par canopy x Geno  34.26*** 5 
Geno x Seed canopy 0.32 1 
Par Canopy x Seed canopy 4.85 5 
Par Canopy x Seed canopy x Geno 1.18 5 
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Table 5. Experiment 3: Estimated marginal means for pairwise comparison of parental 
and seed canopy effects in Col background mutants based on GLM. Each genotype or 
parental treatment is listed with the estimated marginal means for each pairwise 
comparison of parental and progeny environmental effects, as explained in Table 3. Col 
treated with 5-azacytidine are denoted as “Col-Aza”. Significant estimated marginal 
means are bolded with *** = p<0.001, ** = p<0.01, and * = p<0.05. 
 

Genotype Seed light Parental effect 

EMM 

Parental light Seed effect 

EMM 

Col White light 1.55* White light 0.59 
Canopy 1.33** Canopy 0.37 

Col - Aza White light -1.48** White light 0.48 
Canopy -1.82* Canopy 0.14 

cmt3 White light -0.88* White light -0.88 
Canopy -0.18** Canopy -0.18 

kyp White light -1.85** White light 1.36 
Canopy -2.83* Canopy 0.37 

met1 White light -2.00* White light 0.50 
Canopy -2.41** Canopy  0.09 

vim1 White light -1.02* White light 0.93 
Canopy -1.88** Canopy 0.06 
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Figure 3. Reaction norms of germination proportion to parental DNA methylation, 
parental canopy (green filter), and seed canopy (green filter).  Mean germination 
proportion is plotted on the y axis. The x axis represents parental light environment 
simulating growing alone (white light) or under canopy (green filter). Line type 
represents seed light environment simulating growing alone (white light) with solid 
lines, while dashed lines represents simulation of growing under canopy (green filter).  
Line color represents the wildtype control in black (“Col”), wildtype parental 5-
azacytidine demethylation in dark red (“Col Aza”), and mutant genotypes in other 
colors; see the key. Error bars represent the 95% confidence interval. Tables 4 and 5 list 
the results for the analysis of variance of the generalized linear model and Tukey’s 
pairwise comparisons, respectively. 

 
Mutants of epigenetic regulatory genes of the Col background yielded similar 

results to chemical demethylation (Fig 3). Parental treatment of Col with 5-azacytidine 

and genetic disruption of methylation in kyp, met1, and vim1 mutants resulted in the 
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reversal of parental effects, causing an increase in germination of seeds from parents 

raised under simulated canopy. The magnitude of the effect of chemical disruption of 

methylation was similar to that of genetic disruption (Fig 3, Table 5). Since chemical 

treatment occurred during seed imbibition of parents, these results suggest that 

methylation states early in the life of parents can influence progeny phenotypes and 

their plasticity, whereas additional effects of progeny methylation (which was also 

disrupted in mutants) appeared to be weak in this experiment.  

1.4. Discussion 

1.4.1. Parental DNA methylation influenced germination, while progeny 
DNA methylation did not 

Parental DNA demethylation, but not seed DNA demethylation, influenced 

germination under the constant environmental conditions of the first experiment (Table 

1, Fig 1). During parental growth and during seed maturation on maternal plants, DNA 

replication and cell divisions are much more active than before and during germination 

of mature dispersed seeds (Mccarty 1995; Yamaguchi et al. 1998; Cadman et al. 2006; 

Scheepens, Deng, and Bossdorf 2018). Although seeds are metabolically active to a low 

level even when they are dormant (Narsai et al. 2017), the relative amount of DNA 

replication is lower than active periods of growth and development. Therefore, 

epigenetic changes that occur during the parental generation may have greater relative 

impact on germination than those occurring at the seed stage. In addition, as seeds are 
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less metabolically active than their parents, it may take longer or much stronger cues for 

seeds to override the existing epigenetic marks from parents. Our results indicated that 

in constant permissive environments, parental DNA methylation strongly affected 

germination (Fig 1). While it has been posited that stressful conditions frequently induce 

strong parental effects (Sultan, Barton, and Wilczek 2009; Herman et al. 2014), our 

results suggests that parental effects on dormancy can be strong even when parents are 

not stressed. 

1.4.2. Parental canopy affected seed germination in a genotype-specific 
manner 

Col, a non-dormant genotype, and Cvi-0, a highly dormant genotype, showed 

opposing responses to simulated vegetative canopy experienced by parents: Col seeds 

from parents grown under a simulated canopy germinated less than those from parents 

grown under white light, while Cvi-0 seeds from parents grown under simulated 

canopy germinated more (Fig 2). In addition, Cvi-1, an intermediate dormancy 

genotype, demonstrated germination behavior more similar to Col than Cvi-0, despite 

both Cvi ecotypes originating from the same geographic region. In Cvi-0, the highest 

level of germination occurred when parents experienced a canopy, but seeds did not. 

Such a response may be advantageous under conditions in which seeds germinate early 

under non-competitive conditions, which gives them a head start in competition with 

neighbors that emerge later, as cued by parental environments. A strategy in which 

seeds germinate most when both parents and offspring experience non-competitive 
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cues, such as that exhibited by Col and Cvi-1, would be advantageous when it is 

favorable to germinate only in the total absence of competitors, when germinating 

earlier than future larger competitors does not give an advantage. Such variable 

selection on shade avoidance has been documented in other systems, such as Impatiens 

capensis, in which shade avoidance was favorable when plants compete only with 

conspecifics, but disadvantageous when they are shaded by an overhead canopy 

(Dudley and Schmitt).  

Our experiments add to existing evidence in Arabidopsis thaliana demonstrating 

that different ecotypes have different germination responses to parental and seed 

environments (Donohue 2002; Donohue et al. 2005b; Finch-Savage et al. 2007; Chiang et 

al. 2009; Burghardt et al. 2015a; Leverett et al. 2016a; Vayda, Donohue, and Auge 2018). 

Other studies have found dormancy to have important effects on population growth and 

life history plasticity in the field which can be important for biotic interactions caused by 

synchronized dispersal and germination (Donohue et al. 2005b; Burghardt, Edwards, 

and Donohue 2016). Differences in dormancy among populations may be caused by 

divergent local adaptation to abiotic conditions and biotic interactions that vary by 

habitat of origin, such as shading by neighbors. Both biotic and abiotic environmental 

factors can shape local adaptation and niche differentiation among populations in 

dormancy and germination (Donohue et al. 2005c; Tielbörger and Prasse 2009; Leverett 

et al. 2016b; Chamorro, Luna, and Moreno 2017; Singh et al. 2017; Alonso, Ramos-Cruz, 
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and Becker 2019; Vivas et al. 2013; Runquist et al. 2020). For example, natural selection 

on dormancy may depend on whether neighbors act in a more competitive or facilitative 

manner; facilitation can occur under abiotically stressful conditions, so plants from 

populations in more stressful conditions may be more likely to germinate under canopy 

than those in more favorable habitat (Inouye 1980; Leverett 2017a; Leverett, Schieder, 

and Donohue 2018a). Evaluating a wider assortment of ecotypes within different 

habitats across the native range may permit tests of the adaptive value of divergent 

germination responses to parental canopy environment.   

Studies that genetically manipulate germination can also be leveraged for such 

studies. Interestingly, studies that manipulate genes that regulate germination in one 

genotype do not consistently demonstrate the same behavior in other genotypes, 

suggesting epistatic control of germination (Chiang et al. 2009, 2011). These results 

indicate that epigenetic responses may operate differently across genetic backgrounds. 

The fact that genetic variation exists not only in alleles of genes that control dormancy 

and its response to environmental cues, but also genetic variation in the effect of specific 

alleles of these genes, indicates that whole pathways of epigenetic regulation have 

evolved in ways that led to the divergence of germination behavior in variable 

environments. 
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1.4.3. All contexts of DNA methylation may contribute to parental effects 
of canopy 

All mutants used in this study reversed the parental light effect on germination, 

causing seeds to germinate at high levels when parents experienced simulated canopy.  

Functional DNA methylation pathways therefore appear to inhibit germination in seeds 

from parents that experienced a simulated canopy. Mutants of Col resembled the 

wildtype response of Cvi-0, suggesting that disruption of methylation pathways may 

contribute to the unusual behavior of Cvi-0.  Interestingly, chemical DNA methylation 

inhibition in Cvi-0 resulted in almost no germination, suggesting that at least some 

functional DNA methylation machinery is required to germinate in that genotype. 

The relative magnitude of effect of genetic disruption of DNA methylation 

differed among mutant genotypes (Fig 3, Table 5). The genes with the strongest effect on 

germination were MET1 and KYP which control CG and CHG/CHH methylation 

contexts, respectively (Figs 3, Table 5). Mutants of VIM1, which regulates CG and CHG 

methylation also had altered responses to parent light environment.  Because all these 

mutants inhibit CG and CHG methylation, CG and CHG methylation appears to have a 

role in parental light effects on germination.  DNA methylation in the CG and CHG 

context have been studied widely for their effects on growth and seasonally-cued 

development in plant species (Finnegan et al. 2004; Gibney and Nolan 2010; Koornneef, 

Reymond, and Alonso-Blanco 2011; Wilschut et al. 2016), and these contexts of DNA 
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methylation have been shown to be involved in the transmission of parental stress (Luna 

et al. 2012; Migicovsky, Yao, and Kovalchuk 2014; Lauria et al. 2014). 

Mutants of CMT3, which regulates DNA methylation in the CHG/CHH context, 

but which is especially important in CHH methylation, had a weaker parental effect 

compared to wildtype and lost parental effect completely when seeds experienced a 

simulated canopy (Figs 3, Table 5). KYP and CMT3 are known to be important in 

regulating genes involved in development, and they interact with each other through 

the RdDM pathway (Chinnusamy, Gong, and Zhu 2008). The larger effect of KYP than 

CMT3 suggests that KYP may act upstream of CMT3 in the pathway that regulates 

parental light effect on germination, or that CHG methylation may be more involved in 

parental light effects on germination than CHH methylation. However, both KYP and 

CMT3 are involved in CHH methylation, and CHH methylation has been shown to be 

involved in the transmission of stress response to temperature across generations 

(Norouzitallab et al. 2014; Dubin et al. 2015). 

Studies of DNA methylation have indicated that CG and CHG contexts of DNA 

methylation are more likely to be stably inherited across generations than methylation in 

the CHH context (Bond and Baulcombe 2015; Lei et al. 2015). If some contexts of DNA 

methylation are more likely to transmit information than others, genes regulating DNA 

methylation of certain contexts may face stronger selection than others through their 

ability to mediate the transmission of parental environmental effects. Our results suggest 
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that while all contexts of DNA methylation may influence the transmission of parental 

canopy effects, they may affect different aspects of the complex gene regulation pathway 

controlling germination. 

1.4.4. Parental effects on offspring germination are set early in the 
parents’ lives 

Chemical demethylation led to a similar effect on parental light effects as genetic 

disruption (Figs 2 and 3, Tables 3 and 5). This similarity indicates that 5-azacytidine can 

be a suitable method of manipulating epigenetic regulation without toxic side effects in 

this system. 

In Experiments 2 and 3, treatment with 5-azacytidine at the seed stage in the 

parental generation led to the loss or reversal of parental effects on germination in all 

genotypes. Chemical demethylation via 5-azcytidine may be reset after treatment, as the 

chemical dissipates relatively quickly (Griffin, Niederhuth, and Schmitz 2016) and does 

not persist to directly influence DNA methylation across the genome after treatment. In 

our experiments, imbibition with 5-azacytidine happened in the first few days of 

breaking dormancy in the parental generation. In contrast, genetic mutation of DNA 

methyltransferases disrupts this mechanism in both parents and offspring throughout 

their lives. The similarity in effects of the chemical disruption of DNA methylation, 

which acts only very early in parental life and has the potential for reversal throughout 

the parent’s life, and the stable disruption of DNA methylation in the mutants suggests 

that parental light effects that are influenced by DNA methylation are set early in the 
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mother’s life. The parental methylation states established at that time appear to strongly 

regulate progeny responses to light, while additional changes to progeny methylation 

have much weaker effects.  

Our results suggest that parents have stronger control of progeny responses to 

canopy than the progeny themselves. Across a wide variety of organisms, the success of 

progeny depends on parental effects, for example via maternal care, oviposition, and 

epigenetic transmission of information about parental environments (Lacey 1998; 

Mousseau and Dingle 1991; Hsu et al. 2016; Shama et al. 2016). Because parental sensory 

machinery is typically more highly developed than that of very young offspring, 

responses to parental cues may be more reliable than responses to early life progeny 

environmental cues (Auge et al. 2017a). More subtle changes in environment may be 

sensed by parents than young offspring, and since parents have more information about 

the environment, parental effects may lead to more accurate predictive responses to 

environmental stimuli during early development.  

DNA demethylation very early in the parental generation had important effects 

on progeny germination. Other studies have demonstrated that the early life of parents 

is important in determining early life traits of their offspring, but much of the evidence 

documenting this phenomenon has focused on animal models. For example, early life 

stress of mothers and fathers causes metabolic and other health disorders in the 

offspring of mice and rats (Lillycrop et al. 2005; Burdge et al. 2007; Ng et al. 2010; 
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Mychasiuk et al. 2013; Watkins and Sinclair 2014), and the loss of a baboon’s mother 

early in life leads to lower probability of survival for that individual’s offspring (Zipple 

et al. 2019). Our results show that early life experiences in the previous generation can 

have large effects on the next generation in plants, as well. 

Different types of environmental stimuli were shown to “set” parental effects at 

different times in development in other studies (Schmid and Dolt 1994; Cendán, 

Sampedro, and Zas 2013; Segura et al. 2015; Karimmojeni et al. 2014; Dey, Proulx, and 

Teotónio 2016). However, when examining parental effects in plants, the timing of 

parental environmental stimuli is often ignored. Many studies of parental environmental 

effects grow parents in a constant environment throughout life or manipulate parental 

environments during seed maturation. Studies that specifically manipulate 

environments at different times in the parent’s life could provide insight into when 

parental effects are established and how long those signals are maintained across 

development. 

 Parental light environment had larger effects on germination than progeny light 

environment in our experiments. In Experiment 2, only seeds of Cvi-0 responded to their 

current canopy under normal DNA methylation, which contrasts with previous studies 

that documented seeds can respond to their own canopy conditions, sometimes even 

more strongly than to maturation conditions (Leverett et al. 2016a; Vayda, Donohue, and 

Auge 2018). However, in those experiments, the parental generation was grown in 
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common environments before the switch to reproduction, while parental plants in our 

experiment experienced their respective canopies for the duration of their life. As we did 

not manipulate the timing of the vegetative canopy cover throughout the parent’s life, 

we cannot determine exactly when this parental effect is set. In our experiments, 

disrupting DNA methylation early in the parent’s life led to loss or reversal of parental 

effects (Figs 2 and 3). Both parental environmental cue (light) and parental DNA 

demethylation occurred simultaneously in our experiments. Together, these results 

indicate that both early life DNA methylation and early life environment are important 

for the transmission of parental environmental effects.  

1.5. Conclusion 

Disruption of DNA methylation of parents influenced seed germination more 

strongly that disruption of offspring DNA methylation in a constant environment. 

Parental light environment also influenced progeny germination more strongly than did 

progeny light environment. Therefore, parents appear to control progeny germination 

responses to environments more strongly than the progeny themselves.  Parental effects 

of simulated canopy cover were disrupted when DNA demethylation occurred in 

parents, but whether parental effects were lost or reversed differed among genotypes. 

Furthermore, one mutant led to the loss, not reversal, of parental effects compared to 

wildtype which suggests that this gene may influence germination through a different 

pathway than the other mutants. The natural genetic variation in response to DNA 
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methylation disruption, and the difference in effects of specific DNA methylation 

mutants on germination responses, suggest that genetic variation in DNA methylation 

pathways may contribute to variation in germination behavior that may be acted upon 

by natural selection. These results suggest that the early life of parents can be important 

determinants of early life traits of progeny, and diverse pathways of DNA methylation 

play a role in the transmission of parental light effects in this species. 
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2. Phenotypic plasticity within and across generations in 
response to simulated neighbors is controlled by both 
parent and progeny DNA methylation 

2.1. Introduction 

Phenotypes of individuals can be influenced by the current environment 

experienced by themselves and by the environments experienced by their parents 

(Rossiter 1996). Quantifying the degree to which progeny phenotypes are determined by 

parental versus progeny environments is necessary to understand how adaptive 

phenotypes evolve in environments that vary within and across generations. 

Furthermore, examining the epigenetic mechanisms underlying phenotypic response to 

parental and progeny environments can provide insight into how interactions between 

parents and offspring are mediated and influence adaptive outcomes.   

Phenotypic plasticity occurs when a single genotype alters its phenotype in 

response to the environment, and it is a common adaptation to variable environments 

(de Jong 1995; Crispo 2007; Ghalambor et al. 2007). Many aspects of plant development, 

such as speed or timing of germination, flowering, and growth rates, respond to 

seasonal environmental cues such as photoperiod and temperature (Tanino et al. 2010; 

Turck and Coupland 2014; Dewan et al. 2018; Wadgymar, Mactavish, and Anderson 

2018; Cooper et al. 2019). Similarly, responses to seasonal environmental cues regulate 

timing of reproduction and migration (Snell-Rood et al. 2018; Viitaniemi et al. 2019; 
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Bonamour et al. 2019). Responding to these seasonal cues results in adaptive 

developmental timing that matches life stages to appropriate seasonal conditions, which 

results in higher fitness for plastic individuals. For example, accelerated life cycle 

completion in Arabidopsis thaliana to avoid summer drought increases fitness in certain 

habitats (Burghardt et al. 2015a), or accelerated growth and metamorphosis after 

exposure to cold temperature in moor frogs increases adult body mass (Richter-Boix, 

Orizaola, and Laurila 2014). A classic example of adaptive plasticity occurs when plants 

alter morphology and reproductive timing in response to cues of neighbor presence, 

termed the “shade avoidance response” (Dudley and Schmitt 1996; Schmitt, Dudley, and 

Pigliucci 1999), which results in higher fitness for plastic individuals. Phenotypic 

plasticity does not always produce adaptive phenotypes, however, which raises 

questions about constraints on the expression of adaptive phenotypes, such as those 

imposed by interacting environmental inputs when cues are received at different times 

during development (reviewed in Uller, Nakagawa, and English 2013). 

A specific form of phenotypic plasticity, known as transgenerational plasticity or 

parental environmental effects (Lacey 1998), occurs when the environment experienced 

in the parental generation affects phenotypes of offspring. For example, offspring of 

parents grown in drought altered germination and seedling growth in several species of 

plants (Hatzig et al. 2018; Wijewardana et al. 2019; Lorts and Lasky 2020; Van Dooren et 

al. 2020), and higher temperature of parents led to accelerated life history and altered 
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phenotypes in offspring (Molinier et al., 2006; Migicovsky, Yao, & Kovalchuk, 2014; 

Cavieres et al., 2019). In addition to abiotic stimuli, the biotic interactions experienced by 

parents can also elicit transgenerational plasticity in offspring. Parental exposure to 

pathogens can lead to immune priming and increased disease resistance in the next 

generation for both plants (Akimoto et al. 2007; Boyko et al. 2007; Luna et al. 2012) and 

animals (Grindstaff et al. 2006; Moret 2006; Eggert, Kurtz, and Diddens-de Buhr 2014). 

Similarly, parents exposed to predation can yield offspring with defensive chemicals or 

structures despite offspring never directly experiencing cues of predation themselves 

(Boersma, Spaak, and De Meester 1998; Agrawal 1999; Agrawal et al. 2002). When 

parental environmental effects occur, environmental cues experienced by both parents 

and by progeny themselves must be integrated to determine progeny phenotypes. 

The relative influence of parental versus offspring environments on offspring 

phenotype is expected to depend on the developmental stage of offspring, with parental 

effects hypothesized to be stronger at early progeny life stages than at later life stages 

(reviewed in Burgess and Marshall 2014b). For example, in plants, the early life trait of 

germination is responsive to the environment of parents and progeny in many species 

(Bernareggi et al. 2016; Leverett et al. 2016a); yet, in some alpine plant species, vegetative 

growth traits were not correlated with germination timing (Grime 1977). In contrast to 

these examples, other studies have found parental effects to be persistent across 

offspring development (Elwell et al. 2011; Allen, Buckley, and Marshall 2008). For 
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example, early life trauma experienced by offspring, such as maternal death or 

depression, can predict adult disease risk in primates and rodents (Pryce et al. 2005; 

Cowan et al. 2016). One mechanism whereby parental environmental effects may be 

propagated across offspring development is when plastic early life traits are correlated 

with later life traits; if so, then parental effects early in life may have persistent effects 

when offspring mature.  If traits are uncorrelated across development, however, traits at 

maturity may not reflect parental experience as strongly as traits at immature stages. 

Furthermore, parental environment may modify how progeny respond to their 

own environment, and vice versa (reviewed in Auge et al. 2017a). For instance, increased 

CO2 reduced coral reef anemonefish juvenile growth while parental exposure to 

increased CO2 ameliorated these effects (Jarrold and Munday 2019). In Polygonum 

persicaria, exposure of parents to drought increased progeny responsiveness to drought 

and competition experienced in their own generation (Baker et al. 2019b). In Arabidopsis 

thaliana and Solanum lycopersicum, mothers experiencing herbivory damage produced 

offspring that increased their resistance to herbivory more quickly when they 

encountered herbivores themselves (Rasmann et al. 2012). In these examples, exposure 

to an environmental challenge in the parental generation increased responsiveness of 

progeny to the same challenge. In other cases, however, parental environment may 

decrease responsiveness to the progeny environment, progeny environments may 

override effects of parental environments, or responses to environments experienced in 
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parent and progeny generations may cancel each other out (reviewed in Auge et al. 

2017a). 

The way parental and progeny environments interact to influence progeny 

phenotypes is hypothesized to be a target of natural selection. Theory predicts that the 

mode, frequency, and intensity of environmental fluctuations determines whether 

regulating offspring phenotypes in response to parent or offspring environment is more 

adaptive. Phenotypic plasticity is hypothesized to be selected when the environment 

that exerts natural selection on the phenotype fluctuates in a predictable manner within 

an organisms lifespan or when nearby habitats exert divergent selection on that 

phenotype (Via 1993;Lande 2009). If environments become stable over time, plasticity 

may become maladaptive (Reed et al. 2010) and genetic assimilation can lead to 

previously plastic traits becoming fixed (Lande 2009). Furthermore, parental effects are 

hypothesized to increase progeny fitness when the parental environment accurately 

predicts the environment that exerts selection on offspring (Kuijper and Hoyle 2015; 

Auge et al. 2017b). However, the time lags between stimuli, phenotypic response, and 

selection on the resulting phenotype likely mediates the fitness consequences of such 

responses (Ezard, Prizak, and Hoyle 2014). In addition, costs of plasticity to both parents 

and offspring determine the total adaptive value of plasticity. In sum, the adaptive value 

of phenotypic plasticity to parental versus progeny environment depends on the mode 

of environmental variation within and across generations, the time lag between the 
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environmental stimuli that elicits plasticity of a phenotype and time of natural selection 

on that phenotype, and costs of plasticity to parents and offspring. 

Empirical studies have evaluated the adaptive value of responding to parental 

and offspring environments, and the combination of environments experienced in each 

generation has been shown to influence progeny fitness. For instance, in subtropical 

lizards, parental warming was found to increase offspring fitness only when offspring 

were reared in temperatures matching their parents (Sun et al. 2018). Alternatively, 

Drosophila melanogaster offspring fitness was not increased from matching parent and 

offspring environments; instead, increased parental temperature led to increased fitness 

of offspring regardless of offspring environment (Gibert, Huey, and Gilchrist 2001). 

When examining offspring traits in response to shade and competition, parental effects 

positively affected offspring fitness only in competitive environments in Polygonum 

persicaria (Baker et al. 2019b), and similarly in Glycine max, parental drought and 

temperature effects were adaptive when offspring experienced drought or temperature 

stress (Wijewardana et al. 2019). Parental effects of shade were found to be maladaptive 

when progeny did not experience shade (Huber et al. 2004; Lampei 2019). In some cases, 

phenotypic plasticity in response to the current environment overrode parental effects in 

ways that increased progeny fitness (Leverett et al. 2016a; Shama et al. 2016). These 

examples show that the combination of parent and offspring environmental effects can 

regulate offspring phenotypes in ways that influence fitness.  
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In this study, we focus on phenotypic plasticity in response to shade. For plants, 

canopy shading is a cue of the competitive environment (Ciolfi et al. 2013) and can  

influence the expression of plant phenotypes throughout development (De Wit, Galvão, 

and Fankhauser 2016). Plants respond to both reduced irradiance caused by neutral 

shade and reduced red to far red light caused by a green canopy, which is perceived 

through highly sensitive photoreceptor networks (Casal 2013). When reduced red to far 

red light is detected in parent or offspring environments, plants often demonstrate 

elongated petioles, increased specific leaf area, decreased root to shoot ratio, and 

accelerated flowering time (Franklin and Whitelam 2005b; Galloway and Burgess 2009, 

2012). Parental shading can accelerate germination timing, growth rates, and flowering 

time in offspring (Galloway and Etterson 2007; McIntyre and Strauss 2014; He et al. 

2014;Leverett et al. 2016a; Baker et al. 2019a). In seasonal environments, a competitive 

canopy can develop over time as competitors germinate and grow. Early in a season, 

cues of competition may not be present, even if the environment becomes competitive 

later. For that reason, the environment experienced at different times may have different 

degrees of accuracy for predicting future competitive conditions. Within this context, it 

is pertinent to evaluate the relative contribution of parental versus offspring cues of 

competition to regulating offspring phenotypes. Moreover, it is pertinent to evaluate 

effects of each generation’s competitive cues on progeny traits over the course of 
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development since the accuracy of parent and offspring cues are likely to change over 

time. 

The genetic pathways that regulate phenotypic plasticity to canopy shade are 

well characterized, and involve the phytochromes, plant photoreceptors that respond to 

the ratio of red : far-red light (Devlin, Yanovsky, and Kay 2003; Jiao, Lau, and Deng 

2007; De Wit, Galvão, and Fankhauser 2016). How signals of canopy shade propagate 

over development and how they are transmitted across organismal generations, 

however, are less known but involve diverse epigenetic mechanisms. Histone 

modifications and DNA methylation are known to regulate within-generation plasticity 

of seasonal germination timing, leaf emergence, and flowering in plants (Guangyuan et 

al. 2006; Berr, Shafiq, and Shen 2011; Rothkegel et al. 2017). Across generations, DNA 

methylation can influence transmission of parental effects of temperature, water and 

nutrient availability, and chemical exposure (Molinier et al. 2006; Verhoeven and van 

Gurp 2012a; Bilichak et al. 2012; Zhang et al. 2013; Dewan et al. 2018;). Therefore, DNA 

methylation likely plays an important role in regulating phenotypic responses to the 

combination of parent and offspring environments.  

Parental DNA methylation has been shown to influence progeny phenotypes, 

and progeny DNA methylation has been shown to influence progeny responses to their 

own environments. However, no study has yet examined the role of both parental and 

offspring DNA methylation in regulating responses to combinations of parental and 
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offspring environments. Regarding parental DNA methylation, in flax, rice, and 

Arabidopsis thaliana, parents with chemically-induced DNA hypomethylation via 5-

azacytidine or zebularine displayed altered morphology and accelerated flowering time, 

and these altered phenotypes and hypomethylation were displayed in offspring even 

when they did not receive chemical treatment themselves (Kumpatla and Hall 1998; 

Fieldes and Amyot 2000; Ruiz-García, Cervera, and Martínez-Zapater 2005; Brown, De 

Decker, and Fieldes 2008; Akimoto et al. 2007). However, as these plants were grown in 

constant permissive conditions across both generations, how the contribution of parental 

DNA methylation was mediated by the parental and offspring environments was not 

investigated. Other studies have shown that chemical demethylation in the current 

generation can influence response to the current environment (Griffin, Niederhuth, and 

Schmitz 2016; Kottler, VanWallendael, and Franks 2018), but these experiments do not 

address whether parental DNA methylation affects response to the current environment. 

Progeny DNA methylation was demonstrated to affect phenotypes in response to the 

combination of parent and offspring environments via chemical demethylation (Herman 

et al. 2012; Baker, Berg, and Sultan 2018; Brennan H. Baker et al. 2019b;), but whether 

parental DNA methylation plays a role in response to parent and offspring 

environments was not addressed in these experiments. Specifically, parental DNA 

methylation may regulate progeny responses to parental environment while progeny 

DNA methylation may regulate response to progeny environment; alternatively, 
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parental or progeny DNA methylation may regulate responses to both generations’ 

environments in a manner that depends on developmental stage; or both generations’ 

DNA methylation may regulate progeny phenotypes in a manner that depends on 

specific combinations of environments and developmental stage, suggesting that no one 

mechanism of regulation applies generally but that regulation is flexible and specific to 

diverse contingencies. Therefore, our understanding of plasticity is limited by the lack of 

information on how the interaction of parent and offspring environments is regulated by 

parental and offspring DNA methylation. 

In this study, we aimed to quantify the contributions of parental and progeny 

DNA methylation to the regulation of progeny plasticity in response to parent and 

progeny light environments. Furthermore, to evaluate the degree to which these relative 

contributions change over the course of progeny development, we measured the 

correlations among traits expressed early and late in life. To examine patterns of 

integrated phenotypic responses to environments, we further tested whether 

correlations between traits are altered by light environment, and whether demethylation 

of parents or offspring altered those correlations.  

We used Arabidopsis thaliana as a study system.  A. thaliana is a weedy winter 

annual plant found in a variety of disturbed habitats around the world (Hoffmann et al. 

2003), and it responds to shade experienced by both parents and progeny with 

accelerated germination and flowering time (Leverett et al. 2016a; Bongers et al. 2019). 
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Transmission of parental effects of temperature and other stressors via DNA 

methylation has been documented in this species (Finnegan et al. 2004; Boyko and 

Kovalchuk 2011; Stassen et al. 2018; Van Dooren et al. 2020), suggesting that it plays a 

role in regulating environmentally-induced plasticity. We used chemical demethylation 

via 5-azacytidine, known to globally reduce DNA methylation (Griffin, Niederhuth, and 

Schmitz 2016). Previous studies in this system (Chapter 1 of this dissertation) have 

shown that disruption of DNA methylation with this chemical alters phenotypes in a 

similar manner as genetic disruption of methylation, indicating that phenotypic 

consequences of the chemical cannot be attributed to toxic side effects, but rather can be 

interpreted as effects of demethylation.   

Through manipulation of parental and progeny light environment and parental 

and progeny DNA methylation, we aimed to answer the following questions: (1) Does 

parental and/or progeny light environment influence seedling and adult traits, and 

are these plastic responses adaptive? (2) Does parental and/or progeny DNA 

methylation influence progeny phenotypic responses to canopy shading experienced 

by parents and offspring? (3) Does canopy shading and/or DNA methylation alter 

correlations between seedling and adult traits, and is there evidence that altered 

plasticity after demethylation is adaptive? 
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2.2. Materials and Methods 

2.2.1. Ecotype collection 

Seeds were provided by L. Leverett (Leverett 2017a; Leverett, Schieder, and 

Donohue 2018a) and were originally collected from 8 individuals of a local population in 

the Catsburg area of Durham, NC (36°03′37.7′′N, 78°51′05.6′′W) inhabiting a fallow field 

at the end of the natural growth season in May 2014. Approximately 6-month after-

ripened seeds from the 8 individuals were grown in triplicate and self-pollinated for two 

generations in the Duke Phytotron in Environmental Growth Chambers, model E7-2 

(Durham, NC, USA), set to a 22°C 12-hr light/12hr dark diurnal cycle to eliminate 

maternal effects of the field. Seeds from the final bulked generation were after ripened 

for one year, and our parental generation began growing in March 2018. We pooled 

seeds from 5 haphazardly chosen individual lines of the bulked generation to serve as 

the parental generation for this experiment. The small number of seed donors from this 

population may not represent the full range of genetic variation in this population. 

However, genetic variation is known to be low within other populations of A. thaliana, 

and studies of A. thaliana ecotypic variation based on global variation preserved in seed 

stock centers use genetic source material derived from only a single individual per 

location. Therefore, while this study cannot fully quantify evolutionary potential of this 

population, the sample may serve as an accurate representation of a local naturalized 

population. We performed all experiments in the Duke University Phytotron controlled 
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plant growth facility (Durham, NC, USA) in the same two chambers set to a 22°C/16°C 

under a 12r light/12hr dark diurnal cycle on the collected population.  

2.2.2. Experimental treatments 

To manipulate light conditions experienced by growing plants, we imposed two 

light treatments: the "white-light" treatment used a clear filter (LEE color effect filters, 

“Clear”; LEE Filters, Andover, Hampshire, UK), and the "simulated canopy" treatment 

used a green filter (LEE color effect filters, #730 “Liberty Green”; LEE Filters, Andover, 

Hampshire, UK). To ensure plants received only white light or green-filtered light, we 

placed aluminum foil barriers between light treatments within the growth chamber, 

blocking light from the opposite treatment.  Each light treatment was imposed within 

each of two growth chambers that consisted of top and bottom halves                   

horizontally. Treatments within the top and bottom were split in half vertically, 

resulting in each growth chamber having four light treatments that alternated from left 

to right (Appendix B Fig B1). Therefore, within each growth chamber, 2 blocks of each 

treatment were established, for a total of 4 blocks of each treatment. All chambers were 

set to a 22°C/16°C under a 12-hr light/12hr dark diurnal cycle. 

To impose light treatment in the progeny generation, we employed the same 

filters in the same design as was used in the parental generation. Parental and progeny 

light environment was imposed in a factorial manner, to create four light treatments:  
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Parent white light (WL), progeny WL; Parent shade, progeny WL; Parent WL, progeny 

shade; Parent shade, progeny shade.   

To manipulate methylation, we used either 5-azacytidine, a known DNA 

methylation inhibitor causing genome-wide demethylation (Griffin, Niederhuth, and 

Schmitz 2016), or water, as a control. We imposed three methylation treatments:  Control 

(water) in both parent and progeny generation; parental demethylation; progeny 

demethylation. For each replicate, we placed two mg of seeds on 90mm dishes filled 

with 0.7% agar and cold stratified them for four days at 4 °C to break dormancy and 

stimulate germination. We then administered either 1mL of 50 µM 5-azacytidine, or 1mL 

water daily for four days. Dishes were placed in the light treatments immediately after 

breaking dormancy. After four weeks on agar, we transferred individual seedlings into 

57.15mm wide square pots filled with fresh soil and returned them to their light 

treatment in the growth chamber.  

Light treatment and methylation treatment was imposed in a factorial manner, 

for a total of 12 treatments (Fig 4). We used 15 replicate plants in each treatment drawn 

from a pooled sample of the parental lines, totaling 180 individuals (2 maternal light 

environments x 2 progeny light environments x 3 demethylation treatments x 15 

replicates). Individuals were positioned within blocks so that equal numbers of each 

demethylation treatment were randomly spread within each block. Trays were cycled 

between blocks every 10-12 days to minimize chamber effects. 



 

66 

2.2.3. Offspring trait measurements 

After four weeks in their light treatments, the following traits were measured on 

plants of the progeny generation: shoot height (from root attachment to highest point of 

leaf attachment), length and width of the largest most recently emerged leaf, root length 

of the longest root stretched into a straight line across the agar surface, and total number 

of primary and secondary root branches. We used digital calipers to measure root 

length, and the Echo Revolve microscope (Echo Laboratories, San Diego, CA, USA) to 

measure all other seedling traits. Leaf width and length were found to be very highly 

correlated (Appendix B Table B1); therefore, to simplify analysis and interpretation, only 

leaf width was included. Seedlings were transplanted immediately after seedling traits 

were measured. At the adult stage, we measured the height of the primary reproductive 

stem ("bolt height"), aboveground dry biomass, and total seed mass after all plants 

naturally senesced. 

2.2.4. Statistical analyses 

We analyzed data using R v. 4.0.0 (R Core Team, 2020). To quantify the influence 

of maternal and progeny light treatment and DNA methylation treatment on seedling 

and adult traits, we regressed trait measurements against parental and progeny light 

and demethylation treatments using generalized linear models (GLMs) via the “glm” 

function with the gaussian distribution for all traits, with the except of number of root 

branches for which we used the Poisson distribution, in the stats package. We fit 
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separate GLMs for each seedling and adult trait, with trait as the dependent variable and 

parental DNA methylation treatment, progeny DNA methylation treatment, parental 

canopy, progeny canopy, and their interactions as fixed effects. 

When interpreting results, we set white light and water (no demethylation) 

conditions as the reference conditions. We used the function “pairwise” in the emmeans 

package (Lenth et al. 2020) to test for pairwise differences of traits between each 

demethylation and canopy combination. To compare the effect of each canopy 

environment and demethylation treatment while holding others constant, we used 

Tukey’s method to adjust significance thresholds for multiple comparisons. We used 

Type III analysis of variance to test for significance in all our experiments. P-values were 

adjusted for multiple comparison with the Holm procedure. 

To test for evidence of adaptive plasticity, we regressed root length and adult 

traits against progeny fitness, measured as total seed biomass, in each of the four light 

environments from the control (water only) methylation treatment. Root length was 

chosen because it was the only seedling trait to demonstrate significant correlations with 

adult traits under water and white light conditions. (Results did not depend on 

demethylation treatment, so only results for the control treatment are presented. 

Appendix B Fig B2 shows results for all demethylation treatments.)  Traits were 

standardized to have a mean of zero and standard deviation of one, within each 

treatment, and fitness was relativized by the mean fitness of individuals in that 



 

68 

treatment. Each trait was regressed separately to give estimates of selection differentials 

within each treatment. To test for significant differences in selection among the light 

treatments, Analysis of Covariance was used, in which parental and progeny light 

treatments and trait interactions with light treatments were used as predictors.  A 

significant interaction between trait and light treatment would indicate that selection 

differs among light treatments. A full model that included all traits and all light 

treatments tested for significant direct selection on the traits while controlling for 

correlations among traits, and for significant differences in direct selection on that trait 

across light treatments. We generated these regressions via the “glm” function of the 

stats package and Analysis of Covariance results via “Ancova” in the car package. 

To test for trait correlations, we calculated Pearson’s correlations using the ‘rcorr’ 

function in the Hmisc package (Harrell Jr 2020). We used three approaches to compare 

and quantify relationships between correlation matrices. We used Mantel tests (Paradis 

and Schliep 2019) of the ape package and Steiger’s Equality tests (Revelle 2020) of the 

psych package in R, and common principal components analysis (CPCA) tests were 

performed using Philip’s software (Phillips 1999).  The null hypothesis for Mantel test is 

that correlation matrices are unrelated, whereas Steiger’s Equality test operates under 

the null hypothesis that correlation matrices are equal. Therefore, a significant p-value 

for a Mantel test indicates that correlation matrices are significantly similar, while a 

significant p-value for Steiger’s Equality test indicates that correlation matrices are 
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significantly different from one another. The CPCA jump-up procedure tests for 

similarity between correlation matrices in a stepwise manner; first, equality between 

matrices is tested, followed by tests of proportionality (similar correlation structure, but 

differences in magnitude), and finally, tests of common principal components of 

correlation matrices. The CPCA jump-up procedure evaluates whether correlation 

matrices are similar and whether the correlation matrices being compared have 

increased or decreased in a proportional manner. Together, these multiple analyses 

allow a thorough evaluation of whether canopy shading and/or DNA demethylation of 

either generation alter trait correlations. 

2.3. Results 

2.3.1. Canopy shading experienced by both parents and offspring alters 
progeny traits at seedling and adult life stages 

Without DNA methylation disruption, some offspring seedling traits responded 

to both parental and progeny canopy shading, while others responded only to progeny 

canopy (Fig 5, Tables 6 and 7). Seedling shoot height significantly increased when either 

parental or progeny generations experienced canopy shading, with the tallest shoots 

occurring when both generations experienced shading. Leaf width increased when 

parents experienced shading, but not significantly. Leaf width significantly increased 

when progeny were grown in white light, with the widest leaves being expressed in 

offspring of shaded parents. Root branching increased when both parent and offspring 
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were grown in white light. Root length did not significantly respond to canopy shading 

in either generation. 

 

Figure 4. Schematic of Chapter 2 experimental design. The parental generation was 
grown in white light (WL) or green filter conditions (GF) for the duration of their lives 
and imbibed with water (control) or 5-azacytidine (parental demethylation) as seeds. 
Harvested seeds were placed factorially into white light or green filter conditions for a 
total of 4 light environments across generations (WL/WL, WL/GF, GF/WL, GF/GF). 
Offspring of control parents were split into control or 5-azacytidine (progeny 
demethylation) treatment groups for a total of 3 demethylation treatment groups 
(control, parental demethylation, progeny demethylation). Offspring trait measurements 
occurred when seedlings were four weeks old and after natural senescence. 
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Figure 5. Seedling response to canopy shade and demethylation. Parental canopy 
shade is depicted on the x axis and y axis demonstrates response to each seedling trait 
listed from top to bottom: shoot height, leaf width, number of root branches, and root 
length, from left to right. Line fill depicts progeny canopy environment with dark gray 
for unshaded offspring and green offspring grown under canopy shade. Control (water 
only), parental demethylation treatment (imbibed with 5-azacytidine), and progeny 
demethylation treatment (imbibed with 5-azacytidine) are shown in the vertical panels 
from left to right, respectively. The mean value of each trait is shown with its standard 
error. Significant effects of canopy shade and demethylation within and across 
generations are listed in Table 7 and Table 10. 
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Figure 6. Adult response to canopy shade and demethylation. Parental canopy shade is 
depicted on the x axis and the y axis demonstrates response of each adult trait listed 
from top to bottom: bolt height, aboveground biomass, and total seed biomass. Line fill 
depicts progeny canopy environment with dark gray for unshaded offspring and green 
for offspring grown under canopy shade. Control (water only), parental demethylation 
treatment (imbibed with 5-azacytidine), and progeny demethylation treatment (imbibed 
with 5-azacytidine) are shown in the vertical panels from left to right, respectively. The 
mean value of each trait is shown with its standard error. Significant effects of canopy 
shade and demethylation within and across generations are listed in Tables 7 and 9. 
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Table 6. Results of ANOVA on parent and progeny canopy and demethylation based 
on GLM. Significant effects are bolded with the p-values: (*) < 0.05, (**) < 0.001, and (***) 
< 0.0001. 

 Seedling Traits Adult Traits 
Fixed effect Shoot 

Length 
Leaf 
Width 

Root 
Length 

Root 
Branch 

Biomass Bolt 
Height 

Seed 
Mass 

Parental 
demethylation  

9.07 ** 2.66 0.53 2.13 0.29 0.03 0.18 

Parental canopy 8.20 ** 2.58 0.31 2.27 0.00 5.98* 6.67* 
Progeny canopy 39.24*** 2.66 0.01  1.10 0.89 20.28*** 49.26*** 
Progeny 
demethylation 

0.02 0.82 1.07 3.25 0.93 7.10** 9.70** 

Par demet x Par 
canopy 

0.02     2.76 3.98 2.92 0.90 1.19 0.35 

Par demet x 
Prog canopy 

5.05*    5.33* 0.03  3.28  0.04 0.14 0.01 

Par canopy x 
Prog canopy 

1.71     1.59 0.04 3.91 5.32* 6.14* 5.00* 

Par canopy x 
Prog demet 

12.10***    0.84 4.31* 0.84 2.50 6.69* 1.56 

Prog canopy x 
Prog demet 

0.03      12.25 
*** 

6.04* 8.56 **  1.18 0.28 11.71** 

Par canopy x 
Par demet x 
Prog canopy 

11.06***     3.12 2.18 1.98 0.07 1.84 0.14 

Par canopy x 
Prog canopy x 
Prog demet 

7.43 **     0.10 0.81 0.05 1.33 0.00 3.09 
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Table 7. Estimated marginal means of effect of parent and progeny on seedling and 
adult traits.  Significant effects are bolded with the p-values: (*) < 0.05, (**) < 0.001, and 
(***) < 0.0001. 

Environment Parental  Canopy z-ratio Progeny Canopy z-ratio 
Seedling 
traits 

Shoot 
height 

Leaf 
Width 

Root 
Length 

Root 
Branch 

Shoot 
height 

Leaf 
Width 

Root 
Length 

Root 
Branch 

White light, 
Control 

0.235 -1.43 0.05 1.88 -0.77 2.28* 1.59 2.36* 

White light, 
Par Demet  

-3.19** -0.93 0.47 0.79 -1.87 0.20 1.79 0.79 

White light, 
Prog Demet  

1.005 -0.61 1.00 0.95 -3.34** 1.01 -2.00* -0.51 

Canopy, 
Control 

-4.83*** -0.99 -1.48 -0.16 -5.93*** 2.74** 0.06 0.36 

Canopy, 
Par Demet  

-1.623 -0.87 -0.86 -1.58 -0.31 0.26 0.46 1.58 

Canopy, 
Prog Demet  

1.371 0.37 2.39* -0.65 -3.07* -0.05 -0.65 -2.15* 

Adult traits Biomass Bolt 
Height 

Seed 
Mass 

 Biomass Bolt 
Height 

Seed 
Mass 

 

White light, 
Control 

2.17* 0.39 2.66*  1.97* -2.14* 5.58***  

White light, 
Par Demet  

0.53 0.73 1.26  1.73 -1.00 4.55***  

White light, 
Prog Demet  

-0.65 -2.14* 3.17**  -0.46 -2.31* 2.97*  

Canopy, 
Control 

-1.04 -1.41 1.36  -1.34 -3.50** 3.27**  

Canopy, 
Par Demet  

-1.66 -3.82** 0.90  -0.58 -4.76*** 3.15**  

Canopy, 
Prog Demet  

-1.62 -4.20*** -1.69  -1.32 -4.15*** -1.96  

 

Without DNA methylation disruption, offspring's adult traits, including total 

lifetime fitness, responded to both parental and progeny canopy shading (Fig 5, Tables 6 

and 7). Offspring bolt height was significantly taller when either parents or offspring 

were grown under canopy shading, and plants grown under shading in both 
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generations had the tallest bolt height. Aboveground biomass was significantly affected 

by the interaction of parental and progeny canopy shading: progeny with canopy 

shading that matched their parents had the largest biomass. Total seed biomass was 

lower when either parent or offspring were grown under canopy shading. Progeny 

experiencing shade lost the parental effect of shade on total seed biomass.  

2.3.2. Canopy shade did not strongly alter correlations among traits 

Progeny shade diminished some trait correlations when parents were grown in 

white light, and parental shade diminished some trait correlations, especially when 

progeny were grown in white light, but these effects were subtle (Fig 7a, Table 8). When 

both parents and progeny experienced white light, seedling root length was significantly 

positively correlated with seedling leaf size and with total adult biomass. While adult 

biomass was positively correlated with total seed mass, seed mass was not correlated 

with seedling traits. 
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Table 8. Relationships between all trait correlation matrices. Correlations of all 
seedling and adult traits are compared using Mantel, Steiger’s, and Common Principal 
Components Analysis (CPCA) tests. The Mantel test’s null hypothesis is no relation 
between correlation matrices, while the Steiger’s Equality test’s null hypothesis is that 
correlation matrices are equal. Therefore, a significant Mantel test z-ratio indicates that 
correlation matrices are significantly similar, while a significant Steiger’s Equality Chi sq 
indicates that correlation matrices are significantly different from each other. CPCA test 
for equality, proportionality, and shared principal components between correlation 
matrices. Significant equality or proportionality LR values indicate that correlation 
matrices deviate from equality and proportionality, while CPC indicates matrices share 
common principal components. Significant effects are bolded with the p-values: * < 0.05, 
** < 0.001, *** < 0.0001. 
 

Comparison Mantel 

test z 

ratio         

Steiger's 

Equality 

test Chi Sq 

CPCA  

Equality  

LR 

CPCA 

Proportionality 

LR 

CPCA 

CPC 

LR 

Canopy Shading (water only) 
Par Canopy in 
Prog WL 

2.30 30.89 94.08 93.81 43.37 

Par Canopy in 
Prog Canopy 

3.04**  14.48 87.49 85.55 48.85 

Prog Canopy in 
Par WL 

3.19** 25.26 112.19* 109.42* 75.68* 

Prog Canopy in 
Par Canopy 

1.88* 24.23 80.86 80.7 4161 

Parental Demethylation Treatment  
WL/WL 0.64 49.83** 124.75* 120.54* 45.21 
WL/ Canopy 0.36 49.69** 184.99* 185.00* 57.38 
Canopy/WL 1.61 42.56** 137.46* 130.02** 64.2 
Canopy/ 
Canopy 

2.19 48.43** 124.07* 118.63* 44.65 

Progeny Demethylation Treatment 

WL/WL 0.40 55.15** 127.17 125.15 105.90* 
WL/Canopy 2.69** 27.74 155.01*** 152.78*** 44.77 
Canopy/WL 0.89 46.04** 137.46* 130.02** 64.20 
Canopy/Canopy 1.15 23.83 92.40* 90.31* 26.48 

 
When these progeny, derived from parents grown in white light, were grown in 

canopy shade, some correlations within a life stage became stronger (e.g., leaf width and 
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shoot height at the seedling stage, and bolt height and biomass at the adult stage), but 

the correlation across life stages between root length and biomass became non-

significant. The statistical comparison of correlation matrices across progeny shade 

treatments indicated that these differences were significant based on CPC analysis, 

indicating changes in both proportionality and structure, but not based on Mantel tests 

or Steiger’s Chi-square (Table 8).  For progeny from shade-grown parents, canopy shade 

in the progeny generation did not alter trait correlations, according to significant Mantel 

test results (Table 8).  

Parental shade did not alter trait correlations strongly. Parental shade induced 

significant positive correlations between seedling traits (leaf width and shoot length; 

root length and root branching) and adult traits (bolt height and adult biomass), for 

progeny grown in white light, but it slightly diminished the correlation between 

seedling root length and adult biomass. However, comparisons across correlation 

matrices indicate that these differences were not significant according to all modes of 

comparison (Table 8). In progeny grown in shade, parental shade eliminated the positive 

correlation between root length and leaf width, but otherwise had no effect on trait 

correlations, with only the Mantel test indicating significant differences (Table 8). 

Overall, these results demonstrate that canopy shading in either generation did not 

strongly alter the correlation among traits.  



 

78 

2.3.3. Plasticity to light does not appear to be adaptive 

Adaptive plasticity requires environment-dependent selection on phenotypes, 

and it occurs when the phenotype that is expressed in an environment exhibits higher 

fitness in that environment compared to the phenotype expressed in the alternative 

environment. In this study, selection analysis did not detect evidence of adaptive 

plasticity.   
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Table 9. Analysis of adaptive plasticity to canopy shade. Regression coefficients to test 
for adaptive plasticity of adult traits and seedling root length. A total model regression 
including parental and offspring demethylation treatments revealed no significant 
interactions of any trait with treatment or main effects of treatment on relative fitness 
(p>0.05). Therefore, regressions were run using only control (water only) treatments to 
evaluate if plasticity to light was adaptive. Results of each trait and their interaction 
form the multivariate (MM) regression which included adult traits, parent light 
environment, offspring light environment, are listed in the last two columns for effect of 
trait and trait interactions. Results of single trait models (SM) where each trait was 
separately regression on relative fitness including parent light environment (Par), 
offspring light environment (Prog), and their respective interactions with trait are listed. 
Significant coefficients are bolded with the following p-values: *<0.05. All regressions of 
each trait are shown in Fig S3. 
 

Coefficient of 
regression  

SM 
Trait 

SM 
Trait x 
Par 

SM 
Trait x 
Prog 

SM Trait 
x Par x 
Prog 

MM 
Trait 

MM Trait x 
Trait 

Trait       
Biomass 0.36* 0.12 0.15 0.12 0.54* -- 
Bolt height 0.24 0.08 -0.30 0.08 -0.19 0.03 
Root length 0.11 0.00 0.15 0.32 0.02 0.12 

 
Analysis that included traits, demethylation treatments, and light environments 

revealed no significant main effects or interactions of demethylation treatments (Table 9, 

Appendix B Fig B2). Therefore, analyses are presented only for the water control 

treatment. In the control treatment, no trait except biomass significantly predicted 

offspring fitness in any light treatment, indicating that most traits measured in this 

study were not under selection under the conditions of this experiment. Individuals 

with large biomass had more seed production in all light treatments, in both univariate 

and multivariate analyses. The absence of any environment-dependent natural selection 
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indicates that plasticity in biomass was not adaptive, but that maintaining high biomass 

regardless of light environment confers higher fitness. 

2.3.4. Disruption of DNA methylation in both parents and offspring 
altered responses to canopy in a trait-specific manner 

At the seedling stage, disruption of parental DNA methylation affected 

aboveground traits in offspring but had little effect on belowground traits (Fig 5, Tables 

6 and 10). Disruption of parental methylation decreased shoot length when both parents 

and progeny were grown under canopy, but it increased shoot height when progeny 

from shaded parents were grown in white light. This led to seedlings from shaded 

parents having the same shoot height regardless of current canopy environment--that is, 

it eliminated the response to progeny canopy shade when parents were shaded. For leaf 

width, disrupting parental DNA methylation eliminated the response to progeny 

canopy shading that was observed in the water control treatment. Parental methylation 

disruption increased leaf width of progeny experiencing canopy shading, resulting in no 

difference in leaf width between progeny currently experiencing canopy shading 

compared to those in white light. Disruption of parental DNA methylation did not 

significantly affect root branching or length, or the response of these traits, to shading in 

either generation. 

Disruption of progeny DNA methylation altered the response of some seedling 

traits to canopy shade (Fig 5, Tables 6 and 10). When progeny were grown under shade, 

disruption of progeny DNA methylation reversed the parental effect of canopy shading 
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on shoot height, causing shoots to become shorter instead of longer when parents 

experienced shade. A similar, but non-significant parental effect was observed when 

progeny were grown in white light. With disruption of progeny methylation, a similar 

(but non-significant) reversal of parental effect was observed in leaf width for progeny 

grown in canopy shade, such that leaves were narrower (rather than wider) when 

parents were grown in canopy shade. Disruption of DNA methylation in progeny also 

reduced the difference in leaf width caused by progeny shade because it reduced the leaf 

width of progeny growing in shade. For root branching, disruption of progeny DNA 

methylation reversed the response to both parental and progeny canopy shade. The 

average number of root branches increased (rather than decreased as in the water 

control treatment) when progeny experienced canopy shade compared to white light, 

and the parental effect of canopy shading reversed, causing more root branches for 

progeny experiencing the same canopy shade environment as their parents. For root 

length, parental and progeny canopy shade significantly interacted with progeny DNA 

methylation disruption. Disruption of progeny methylation reversed the parental effect 

of canopy shading in progeny grown in shade, causing shorter roots (rather than longer, 

as in the water control treatment) when parents were grown in shade. Disruption of 

methylation in progeny also caused parental shade to reduce root length in unshaded 

progeny, and in shaded progeny it increased root length when parents were grown in 
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white light. Together, these results demonstrate that progeny DNA methylation affects 

responses to past and present canopy shading at this early life stage.  

Disruption of parental DNA methylation did not influence adult traits of 

progeny, but disruption of progeny DNA methylation influenced bolting height and 

total seed mass (Fig 6, Tables 6 and 10). Disruption of parental DNA methylation did not 

significantly affect bolt height, aboveground biomass, or total seed mass in any light 

treatment. In contrast, disruption of progeny DNA methylation reversed the parental 

effect on bolt height in progeny grown in white light, with parental shade increasing 

rather than decreasing bolt height (similar to the observed parental effect of progeny 

grown in canopy shade). When progeny DNA methylation was disrupted, aboveground 

biomass lost the positive effect of growing in the same light environment in consecutive 

generations. Instead, biomass was slightly but non-significantly greater for progeny 

from canopy-shaded parents regardless of their current canopy environment. Likewise, 

progeny grown in a canopy shade had higher biomass than those grown in white light 

regardless of parental light environment. Disruption of progeny DNA methylation 

reversed the parental effect on total seed mass in progeny grown in shade, such that 

progeny had higher seed mass if parents also experienced shade. Similar to the water 

control treatment, white light experienced during both generations resulted in the 

highest seed mass. Therefore, when progeny methylation was disrupted, seed mass was 

highest when parental and progeny canopy environments were the same. These results 
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demonstrate that progeny DNA methylation affected trait expression and plasticity 

throughout life, while parental methylation affected only early life stages measured in 

this study. 

2.3.5. DNA methylation disruption altered correlations among traits 

Disruption of parental DNA methylation altered trait correlations in all light 

environments (Fig 7b, Table 8), as shown by significant Steiger’s Equality test Chi-square 

and significant deviations from equality and proportionality in CPC analyses (Table 8). 

Most correlations were weakened or eliminated by disruption of parental DNA 

methylation. When shade was experienced in both generations, parental demethylation 

induced a strong positive correlation between seedling shoot height and adult bolting 

height. When parents were grown in white light and progeny grown in canopy shading, 

disrupting parental DNA methylation introduced a negative correlation between 

seedling root branching and adult total seed biomass production.  
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Figure 7. Offspring trait correlations under (a) water control, (b) parental 
demethylation, and (c) progeny demethylation. The first 5 listed traits were measured 
at the seedling stage (shoot length, leaf length, leaf width, root length, root branching) 
and the final 3 traits were measured at the adult stage (total seed biomass, above-ground 
dry biomass, bolt height). Only significant Pearson’s correlations (p<0.05) are shown. 
Color and size of dots corresponds to the strength of the correlations; see the legend 
beside 7a. In water comparisons (a), four correlation matrices are represented with 
parental. Comparisons across the two squares represents effect of parental filter and 
comparisons across the diagonal represent effect of progeny filter. In parental (b) and 
progeny (c) demethylation comparisons shown on the next page, environmental 
conditions are held constant with the upper diagonal representing control and lower 
diagonals representing parental or progeny demethylation treatments, respectively. 
Therefore, comparisons of correlations across the diagonal represent differences caused 
by demethylation treatment. A complete list of all Pearson’s correlations can be found in 
Appendix B Table B1. Comparisons of how canopy shade and demethylation treatments 
affected trait correlations are described in Table 4. 
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Figure 7 (continued). Offspring trait correlations under (a) water control, (b) parental 
demethylation, and (c) progeny demethylation. 
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Disruption of progeny DNA methylation altered trait correlations, and even 

induced tradeoffs when parents were grown in white light (Fig 7c, Table 8). For 

individuals grown in white light in both generations, trait correlations between leaf 

length and width, leaf and root length, leaf width and root length, root length and adult 

biomass, and adult biomass and total seed mass were lost after progeny DNA 

methylation disruption. A significant positive correlation was detected between root 

branching and root length and between root branching a leaf width when progeny were 

demethylated.  In addition, a negative correlation was induced between seedling leaf 

width and total seed mass, such that seedlings with wider leaves had lower total 

reproductive output when progeny DNA methylation was disrupted. These effects of 

progeny demethylation in this light treatment were shown to be significant based on 

Steiger’s Chi-square and on differences in correlation structure in CPC analyses (Table 

8). 

In shaded progeny from parents grown in white light, disruption of progeny 

methylation induced negative correlations between root length/branching and seedling 

shoot length, indicating a tradeoff among seedling traits. Positive correlations among 

traits were eliminated at both seedling and adult life stages, such as between seedling 

root length and seedling leaf length and width, between seedling leaf length and width, 

and between adult biomass and seed mass. Therefore, when parents were grown in 

white light, disruption of progeny methylation induced novel tradeoffs, which were 
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detected as significant according to Steiger’s Chi-square and differences in 

proportionality in CPC analysis (Table 8).   
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Table 10. Estimated marginal means of parental and progeny demethylation on 
seedling and adult traits. Tukey’s pairwise comparison z-ratio results are listed for the 
effect of maternal and progeny DNA methylation in each combination of light across 
generations. Seedling traits (3A) and adult traits (3B) are listed separately below. 
Significant effects are bolded with the p-values: (*) < 0.05, (**) < 0.001, and (***) < 0.0001. 
 

Environment Parental DNA Methylation Z-ratio Progeny DNA Methylation Z-ratio 
Seedling 
traits 

Shoot 
height 

Leaf 
Width 

Root 
Length 

Root 
Branch 

Shoot 
height 

Leaf 
Width 

Root 
Length 

Root 
Branch 

Par white 
light (WL), 
Prog WL 

2.58** -1.08 -0.17 0.81 -1.61 1.12 -0.13 0.54 

Par WL, 
Prog canopy 

2.74** -1.37 1.00 0.61 -3.78*** -1.32 -4.38*** -1.82 

Par canopy, 
Prog WL 

-1.63 -0.70 -0.21 0.12 1.08 2.08* 0.73 0.12 

Par canopy, 
Prog canopy 

2.89** -2.16* 0.61 -0.64 1.17 0.06 -0.33 -1.66 

Adult traits Biomass Bolt 
Height 

Seed 
Mass 

 Biomass Bolt 
Height 

Seed 
Mass 

 

Par WL, 
Prog WL 

0.13 0.11 0.70  1.49 0.29 3.09**  

Par WL, 
Prog canopy 

0.13 0.98 0.31  -0.71 -0.31 1.53  

Par canopy, 
Prog WL 

-0.98 0.43 -0.30  -1.21 -2.15* 3.55***  

Par canopy, 
Prog canopy 

- 0.56 -1.42 0.01  -1.36 -3.06** - 1.44   

 

When parents were grown in canopy shade, disruption of progeny DNA 

methylation altered trait correlations in progeny grown in white light, such that the 

positive correlations between leaf width and leaf length, leaf width/length and root 

branching/length, and adult biomass and seed mass became weaker, while the 

correlation between root branching/length and leaf width became stronger. These 

differences were detected as significant based on Steiger’s Chi-square and differences in 



 

89 

proportionality in CPC (Table 8). When both parents and progeny were grown in shade, 

disruption of progeny DNA methylation eliminated the positive correlation between 

root branching and length, and between bolt height and biomass, but induced a positive 

correlation between bolt height and seed mass, effects that were detected as significant 

only as differences in proportionality in CPC (Table 8). In sum, when parents were 

grown in canopy shade, the positive correlations among traits changed in magnitude 

when progeny were demethylated, but tradeoffs among traits were not affected. 

2.3.6. Demethylation did not alter selection on seedling traits 

In general, results of selection analyses did not depend on demethylation 

treatment (Appendix B Fig B2). However, progeny demethylation introduced some 

trade-offs with adult traits and seedling belowground traits, as just reported. To test 

whether progeny demethylation altered selection on seedling root length, and enabled 

adaptive plasticity in root length, we regressed seedling root length on progeny seed 

mass in both water control treatments and progeny demethylation treatments. Root 

length did not predict progeny fitness in either control or progeny demethylation 

treatment, and that relationship did not depend on demethylation treatment (Appendix 

B Fig B2). 
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2.4. Discussion 

2.4.1. Phenotypic plasticity in response to parent and offspring canopy 
environments 

Seedlings responded to parental shading, progeny shading, and their interaction 

in a trait-specific manner. Seedling root and shoot architecture responded differently to 

canopy shade in this experiment. Shoot height responded to parental shading, offspring 

shading, and their interaction, while leaf and root phenotypes were influenced by the 

interaction of parent and offspring light environments. Similarly in multiple species, 

seedling response to shade was found to vary by trait, with some traits being more 

plastic to light than others (Bloor and Grubb 2004). Other studies of seedlings across a 

variety of plant species demonstrated that seedling shoot and root often respond to 

environments within and across generations in different magnitudes and directions (Sun 

et al. 2013; Vastag et al. 2020; Salmela, Velmala, and Pennanen 2020). Examinations of 

gene and hormonal regulation of shade avoidance response in A. thaliana seedlings 

found that separate patterns of gene and hormonal expression influence root, cotyledon, 

and shoot tissues (Sessa et al. 2005; Slavikova et al. 2008; Nito et al. 2015). If gene and 

hormonal pathways regulate seedling tissues differently, seedling traits can respond to 

different environmental stimuli or to the same stimuli with different magnitudes and 

directions of response. Results from this experiment demonstrated that both parent and 

offspring canopy shading had important effects on seedling phenotypes, but traits 
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varied in which combinations of parent and offspring shade environments elicited a 

change in phenotype and the way they did so.      

Parental effect of canopy sometimes persisted across the life of offspring in this 

experiment. Parental canopy effect was manifest as a significant effect of parental 

canopy on biomass and seed mass when progeny were grown in white-light. Persistent 

parental effects may result from correlations between adult traits and early traits that 

were influenced by parental effects.  In this study, root length was correlated with adult 

biomass (in progeny white light), but this trait did not respond to parental canopy; 

therefore, correlations between the early traits measured in this experiment and adult 

traits cannot explain the persistent effects of parental canopy into adulthood. Other 

unmeasured traits at the seedling stage may be correlated with adult traits, or parental 

canopy may influence adult traits directly, but this experiment is unable to distinguish 

between those alternatives. Parental environmental effects have been shown to persist 

across offspring development in other species (Allen, Buckley, and Marshall 2008; Elwell 

et al. 2011; Puy et al. 2020).  In Campanulastrum americanum, parental effect of light was 

found to persist across offspring development because parental shade influenced seed 

germination timing, which in turn influenced adult flowering time; in this case, the 

parental effect was propagated into adulthood because of the direct effect of an early 

progeny trait (germination) on adult phenotypes (flowering time). 
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Parental effects also depended on progeny canopy environment. This study 

detected significant interactions between parent and offspring canopy for some seedling 

and adult traits, such that direction of parental canopy effects differed between offspring 

canopy environments. Other studies of shade-induced plasticity in A. thaliana have 

demonstrated that seeds can respond to both parent and offspring environments to 

influence germination timing and propensity (Leverett et al. 2016b). In the example 

of Campanulastrum americanum mentioned above, the parental effect of light was 

strongest when progeny experienced unshaded germination conditions (Galloway and 

Etterson 2009). In each study, the expression of parental effects depended on progeny 

environment, and how progeny responded to their own environment sometimes 

depended on parental environment, such that progeny phenotypes depended on 

specific combinations of parent and offspring environments.   

2.4.2. Fitness consequences of plasticity to parent and offspring 
environments 

This study found no evidence for adaptive phenotypic plasticity under the 

conditions of this experiment. Although plants with high biomass had higher seed 

production in all environments, the absence of environment-dependent selection on this 

trait indicates that the observed reduction of biomass in response to parental shade was 

maladaptive, as was the reduction of biomass of shade-grown progeny from parents 

grown in white light. However, progeny that grew in the same light environment as 

their parents did have higher biomass than progeny grown in environments that 
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differed from their parents. Such results suggest that parental environment may mitigate 

the adverse effects of progeny shade, and likewise that favorable parental environments 

may prime progeny to take advantage of favorable conditions when they themselves 

experience those conditions. However, this pattern was not detected for total seed 

biomass, a more accurate estimate of total lifetime fitness; growing under shade reduced 

seed mass regardless of parental canopy environment. It should be noted that, because 

this experiment was conducted under constant permissive conditions in the greenhouse, 

selection measured here is not likely to accurately reflect selection under more natural 

conditions.   

In other species, the adaptive value of parental effects depended on what 

environments offspring experienced. For instance, parental effects of herbivory resulted 

in decreased fitness for offspring grown in unstressed environments, likely due to cost 

associated with mounting defenses they do not need without herbivores (Baldwin 1998; 

Rasmann et al. 2012). Polygonum persicaria also demonstrated an interaction of parent 

and offspring environments on fitness; offspring from shaded mothers that were grown 

in shaded or crowded environments showed increased fitness as adults, while fitness of 

progeny from shaded mothers decreased when offspring grew in sunny, dry conditions 

(Baker et al. 2019a).  

The observation that plasticity can sometimes, but not always, be adaptive 

suggests that divergent selection on selection may result in natural variation for plastic 
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responses. Evidence of variation in plasticity in response to one’s immediate 

environment has been documented in diverse species.  Latitude of origin was found to 

influence response to shade of the current generation in A. thaliana (Maloof et al. 2001), 

suggesting local adaptation to canopy environment. Populations of velvetleaf that 

evolved in different canopy environments exhibited differences in plasticity to shade in 

the current generation in a manner that suggested adaptive divergence in plasticity to 

current environment (Weinig 2000). Similarly, populations of Impatiens capensis that 

evolved in open environments with a high density of conspecifics had more pronounced 

plasticity to neighbors than populations that evolved in environments with a constant 

overhead canopy (Dudley and Schmitt), again providing evidence of adaptive plasticity 

in response to current neighbor environments.  Examples of divergent evolution of 

parental effects are less common, so field studies that quantify parental effects in 

populations that differ in how parent and progeny environments change over time and 

space would enable tests of the conditions under which parental effects are adaptive, 

and the degree to which it depends on specific combinations of parent and offspring 

environments that organisms experience.   

2.4.3. Disruption of parental DNA methylation affected seedling but not 
adult traits 

This study provides evidence that DNA methylation of parents influences the 

transmission of parental environmental effects to progeny. Seedling response to parental 

canopy shade was altered when parents experienced chemical demethylation in this 
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experiment. In other systems, parental exposure to herbivores and pathogens influenced 

offspring phenotypes with corresponding DNA methylation patterns inherited by 

offspring (Holeski, Jander, and Agrawal 2012b; Rasmann et al. 2012), suggesting that 

inheritance of DNA methylation re-establishes resistant phenotypes in progeny.  

However, evidence for direct inheritance of DNA methylation state is not always 

observed.  In A. thaliana for example, mild drought stress at an intermediate growth 

stage led to immediate changes in DNA methylation and altered growth; altered growth 

rates were also exhibited by offspring of those drought-stressed plants, but the DNA 

methylation changes in offspring did not match their parents, nor did they implicate 

known drought-responsive genes (Van Dooren et al. 2020); this result suggests that 

DNA methylation states are not necessarily inherited directly, even if transmissible 

factors are inherited from parents, which in turn establish progeny DNA methylation 

states. Moreover, it suggests a decoupling of the genetic basis of drought responses in 

parents and offspring.  

Other studies have documented effects of DNA methylation manipulation on 

plastic responses. In several plant species, chemical demethylation led to accelerated 

flowering time and altered stature, and these phenotypes were inherited by offspring 

(Fieldes 1994; Fieldes and Amyot 2000; Fieldes et al. 2005; Kondo et al. 2007; Verhoeven 

and van Gurp 2012a). Parental effects of acquired resistance to Pseudomonas were lost in 

the next generation when comparing wildtype and methyltransferase mutants in A. 
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thaliana, indicating that transmission of disease resistance is dependent on functional 

DNA methylation pathways (Luna et al. 2012). A study of light intensity within and 

across generations in Alternanthera philoxeroides clonal ramets chemically demethylated 

in the “parent” generation with 5-azacytidine found that demethylation led to the loss of 

parental effects for offspring grown in high light intensity (Dong, Meng, and Yu 2019).  

However, as topical application occurred in the source “parent” generation with no 

chemical demethylation group in the ramet generation, no comparison was made 

between effects of DNA methylation in parent and offspring generations on offspring 

plasticity to light.  

Chemical demethylation of offspring has been used more broadly to examine 

within-generation plasticity, and demethylation of offspring has been shown to alter 

progeny responses to their own environment (Bossdorf et al. 2010; Faulk and Dolinoy 

2011).  However, demethylating only progeny confounds DNA methylation states 

established early in offspring life with those DNA methylation states that may have been 

inherited from parents. The experiment presented in this study is the first to distinguish 

effects of demethylating parents and offspring early in life to examine effects on 

plasticity in offspring. Results from Chapter 1 demonstrated that DNA methylation 

established even early in life of parents had significant effects on offspring germination 

in response to parent and offspring light environments. Results from this experiment 

also demonstrate that early life traits (seedlings) are affected by both parental DNA 
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methylation and environment. However, as offspring grew, the effect of chemical 

demethylation in parents waned and no significant effects were found on adult traits, 

suggesting that parental regulation of environmental plasticity via DNA methylation is 

strong early in life but not late in life of offspring.  

2.4.4. Disruption of progeny DNA methylation affected both seedling 
and adult traits 

Results from this experiment demonstrated that offspring DNA demethylation 

early in life affected both seedling and adult traits. Environments experienced early in 

life have been shown to have persistent effects into adulthood in many species; the 

results of this experiment suggest that DNA methylation established early in life may be 

involved in those persistent effects of early environment. For example, in A. thaliana, 

seasonal chilling early in life can affect expression of genes via histone methylation to 

control flowering time (Shindo et al. 2006). Such changes in histone methylation can be 

associated with changes in DNA methylation (Gibney and Nolan 2010). Studies in bees 

and corals show that patterns of DNA methylation established early in development 

actually caused stronger effects on phenotypes as organisms grew (Foret et al. 2012; 

Putnam, Davidson, and Gates 2016). Therefore, early life experiences and associated 

changes in DNA methylation can have important consequences on adult traits.   

This experiment found that demethylation of progeny affected offspring traits in 

an environmentally dependent way, and consequently progeny demethylation altered 

plastic responses to canopy shade within and across generations. Other studies of 
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phenotypic plasticity within and across generations have found that progeny 

demethylation can affect plasticity of offspring traits. For example, in dandelions, root to 

shoot ratio and biomass demonstrated both within and across generation plasticity in 

response to nutrient stress, but within-generation plasticity decreased when progeny 

were treated with zebularine, a demethylating chemical similar to 5-azacytidine 

(Verhoeven et al. 2010). Simulated herbivory in Mimulus guttatus increased trichomes 

across multiple generations, but this parental effect was lost when offspring were treated 

with 5-azacytidine (Akkerman et al. 2016). In Polygonum persicaria, treatment of progeny 

with zebularine induced a parental effect of shade in offspring of unshaded mothers but 

not those of shaded parents, indicating an environmentally-dependent effect of 

offspring DNA methylation on parental effects (Baker, Berg, and Sultan 2018). 

Comparing parent versus offspring demethylation effects on plasticity, parental DNA 

methylation appears to have a stronger effect on the influence on plasticity of traits 

when progeny are young, but offspring DNA methylation has a stronger effect on 

plasticity as progeny age. 

2.4.5. Parental DNA methylation disruption weakened trait correlations, 
while progeny DNA methylation disruption both weakened positive 
correlations and introduced trade-offs 

Demethylation influenced not only traits themselves, but also correlations among 

traits.  In this experiment, neither parent nor progeny canopy strongly altered trait 

correlations, with strong positive correlations among traits within a life history stage 
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and weak to no correlations between seedling and adult traits. Another study of A. 

thaliana demonstrated that plasticity to light within the current generation resulted in 

phenotypic plasticity that did not significantly alter adult trait correlations (Pigliucci and 

Kolodynska 2002). Other studies of seedling and adult traits of several plant species in 

response to drought and nutrient availability found that seedling traits were strongly 

correlated with each other and weakly correlated with adult traits, with little change in 

these relationships when compared across environments (Wright and Westoby 1999; 

Abdel-Ghani et al. 2013; Kong, Guo, and Liang 2013; Harrison and LaForgia 2019). Some 

studies have even documented that correlations among traits vary with parent 

environment.  In a species of beetle, phenotypic trait correlations were dependent on 

maternal environment and current brood environment (Andrews, Kruuk, and Smiseth 

2017) which suggest that phenotypic correlations were dependent on epigenetically 

mediated environmental effects. 

While canopy environment did not alter trait correlations, DNA demethylation 

in parents or offspring altered trait correlations in this study. No studies to the author’s 

knowledge have yet examined how demethylation within and across generations affects 

trait correlations in offspring. Our results suggest that DNA methylation of both parent 

and offspring are important for maintaining trait correlations. To the extent that trait 

correlations determine integrated phenotypic responses to environmental conditions, 

methylation may be important for maintaining phenotypic integration of plastic traits. A 
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study in A. thaliana demonstrated that altered response to both jasmonic and salicylic 

acid was inherited in epiRILs, or recombinant inbred lines that vary only in DNA 

methylation (Latzel et al. 2012). The positive correlation in response to both chemicals, 

despite their previously separate responses on the reference wildtype, suggests that this 

response was altered by DNA methylation.  

DNA methylation is influential in many hormonal and environmentally-

responsive gene pathways important for regulating organismal phenotypes and 

development (Chinnusamy, Gong, and Zhu 2008; Nonogaki 2014). Therefore, if patterns 

of DNA methylation are disrupted in parents or offspring, other aspects of offspring 

phenotype than the traits measured in this experiment may be altered. If traits are 

regulated via hormones or other pathways of phenotypic integration, demethylation 

may alter relationships between traits, as seen with parental demethylation treatment in 

this experiment. Interestingly, the observation that parental demethylation reduced the 

strength of correlations raises the possibility that DNA methylation can alter the 

evolutionary independence of traits, such that demethylation may allow traits to evolve 

more independently.   

We also found that progeny demethylation introduced trade-offs among traits in 

some environments, suggesting that functional DNA methylation may prevent 

tradeoffs. Unexpectedly, after progeny DNA demethylation, total seed biomass 

exhibited a pattern of adaptive priming by parental environments, such that progeny 
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had highest seed mass when experiencing the same environment as their parents, in 

contrast to the uniformly detrimental effect of parental and progeny canopy observed in 

the water control treatment. Therefore, plastic response to light under normal operation 

of progeny DNA methylation appears to be maladaptive.  Examining fitness effects of 

DNA methylation disruption under more realistic environmental conditions would shed 

light on how methylation mediates adaptive responses to parent and progeny 

environments.   

2.5. Conclusion 

Progeny traits are influenced by the environment experienced by both parent 

and offspring. Some progeny traits were altered in the same way in response to both 

parent and offspring environment, while other traits responded to parent and offspring 

environment in opposing directions, suggesting different mechanisms for responding to 

parent versus offspring environment for some traits. Offspring traits and their plasticity 

were influenced by both parent and progeny DNA methylation. We did not find a clear 

pattern such that responses to parental environment were regulated by parental DNA 

methylation and responses to progeny environments were regulated by progeny DNA 

methylation,  nor did we find that either parental or progeny DNA methylation 

dominated progeny responses to both parental and progeny environments. Instead, the 

relative contribution of parental versus progeny DNA methylation varied by trait and 

by specific environmental combinations. Disruption of parental DNA methylation 
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frequently reduced the effect of progeny environment, especially at the seedling stage. 

Disruption of progeny DNA methylation sometimes diminished or even reversed 

parental effects of shade, introduced trade-offs among traits in offspring of unshaded 

parents, and ultimately resulted in a fitness advantage to offspring that experienced two 

consecutive generations of shade. Functional progeny DNA methylation apparently 

interferes with adaptive responses to shade, but parental DNA methylation has little 

effect on fitness, possibly because of its comparatively weaker effect at adult life stages. 

For stressful environments, like those for plants under consistent canopy shade, the 

ability to disrupt integrated plastic responses via altered DNA methylation of the 

current generation may increase fitness through introducing new plastic responses to 

stress. While this study shows clear effects of both parental and progeny DNA 

methylation on progeny responses to environments, studies under more realistic 

conditions are required to assess the adaptive significance of  this regulation.   
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3. Epigenetic regulation of response to neighbors and its 
adaptive value varies by genotype 

3.1. Introduction 

A high density of either conspecific or heterospecific neighbors can reduce 

fitness. Neighbor density affects morphology, survival, and fitness in many species 

(Antonovics and Levin 1980; Weiner et al. 2001; Neufeld 2011) by reducing access to 

energetic resources and thereby inducing stress (Callaway 2002; Ballaré and Pierik 2017). 

Intraspecific competition that is present in densely populated areas can result in smaller 

individuals and consequently lower fitness than those from more sparsely populated 

areas (Schwinning and Weiner 1998). High density of conspecifics can increase risk of 

predation by attracting more predators (Tinbergen, Impekoven, and Franck 1967; Heard 

1992; Gliwicz, Maszczyk, and Uszko 2012) or increase pathogen attack by increasing 

disease transmission (Steinhaus 1958; Jeger et al. 2004; Waters 2015). The effect of 

neighbors is likely to depend on whether neighbors are of the same or different species. 

With high size asymmetries, competing with neighbors of a larger species may lead to 

severe fitness reductions, or even exclusion from a community altogether (Weiner et al. 

2001; Chen, During, and Anten 2012).   

Plant neighbors may also have beneficial, or facilitative, effects (Callaway and 

Walker 1997). In more extreme and/or stressful environments, neighbor presence can 

increase survival by buffering environmental fluctuations compared with ambient 
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conditions; environmental protection such as through buffering may be particularly 

beneficial during more vulnerable life stages (Liancourt, Callaway, and Michalet 2005; 

Malkinson and Tielbörger 2010). For example, in very cold environments, growing with 

neighbors can increase the temperature experienced by plants compared to the ambient 

temperature experienced when growing alone (Nobel 1980; Drezner 2007; Antonsson, 

Björk, and Molau 2009). Aside from creating more permissive conditions, neighbors can 

increase plant fitness through attracting more dispersers (Manasse and Howe 1983) or 

higher rates of visitation from pollinators (Pierik, Ballaré, and Dicke 2014), which is 

important for out-crossing individuals that are not directly near conspecifics. Attraction 

of predators can be diluted with heterospecific neighbors (Makenbach, Waterman, and 

Roth 2013; Schmitt, Stears, and Shrader 2016), and increased biodiversity in a 

community is often associated with reduced disease transmission (Schmidt and Ostfeld 

2001). 

Whether interactions with neighbors are predominantly negative or positive 

depends on the quality of the environment. The stress-gradient hypothesis posits that 

facilitation is more likely under stressful abiotic conditions. This hypothesis was first 

described along an elevation gradient, where abiotic stress increased with elevation 

(Callaway and Walker 1997). It has since been used to evaluate plant interactions in 

many alpine, desert, and coastal habitats. At the limits of an elevational distribution, 

facilitation of neighboring plant species can increase survival and fitness while increased 
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competition with neighbors at the low end of elevational gradient decreases fitness 

(Choler, Michalet, and Callaway 2001). Similarly, for marginal populations on the edges 

of their species distribution range, neighbor presence can be especially important for 

increasing survival (Stanton-Geddes, Tiffin, and Shaw 2012). Studies of climate change 

have found that facilitative interactions between species are important for range shifts 

and the persistence of species in current and predicted future environments (Stinson 

2005; Anthelme, Cavieres, and Dangles 2014). The stress-gradient hypothesis is not 

always observed, however. When abiotic stress limits a crucial resource, it can intensify 

the negative effect of neighbors. For example, drought can exacerbate the negative 

effects of competition. For Campanula rotundifolia and Muhlenbergia montana seedlings, 

water- and nitrogen-limited environments increased the negative effect of the invasive 

competitor Hesperis matronalis (Hwang and Lauenroth 2008). When Arabidopsis thaliana 

was grown with a grass competitor in seasonal conditions, adaptively plastic responses 

to competition were dampened in low water environments, causing more negative 

effects of neighbors (Lorts and Lasky 2020).  

The effect of environmental factors on fitness is mediated through how traits 

respond to those environmental factors. The ability of an organism with a particular 

genotype to alter its phenotype in response to an environmental cue, such as neighbor 

presence, is known as phenotypic plasticity (Callaway, Pennings, and Richards 2003; 

Barton and Bowers 2006). When a trait is subject to natural selection imposed by a 
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specific environmental factor, fitness can be increased by altering that trait in a manner 

to bring the phenotype closer to the optimum for that environment; adaptive plasticity 

occurs when the adjusted phenotypes increase fitness in that environment (DeWitt, Sih, 

and Wilson 1998; Snell-Rood et al. 2018). However, being plastic is theorized to come 

with fitness costs when organisms inhabit constant environments (Van Kleunen and 

Fischer 2005; Murren et al. 2015) or when cues that elicit plasticity are not accurate 

predictors of the environment that exerts selection (Schmitt et al. 2003; Uller, Nakagawa, 

and English 2013). Therefore, theory suggests in order for natural selection to favor 

phenotypic plasticity, environments must predictably fluctuate over time or must vary 

over space in a manner that imposes divergent selection on plastic phenotypes  

(Greenspoon and Spencer 2018).  

Plant responses to neighbors have been shown to be adaptive. One aspect of 

neighbor presence that has been widely studied in plant systems is canopy shading. 

Often termed “the shade avoidance syndrome”, plastic responses to low red : far-red 

light ratio caused by vegetative canopy are known to alter plant morphology in many 

species (Smith and Whitelam 1997; Ruberti et al. 2012; De Wit, Galvão, and Fankhauser 

2016). Plants often exhibit elongated petioles, increased specific leaf area, decreased root 

to shoot ratio, and accelerated flowering time (Franklin and Whitelam 2005b; Galloway 

and Burgess 2012). Whether plasticity in response to this cue of neighbor presence is 

adaptive can vary by population and history of shade exposure, suggesting divergent 
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selection on shade avoidance responses (Dudley and Schmitt 1996; Donohue et al. 2000; 

Dixon, Weinig, and Schmitt 2001).  

Offspring phenotypes are determined not only by the environment of offspring 

themselves, but parents can also influence offspring phenotypes through non-genetic 

mechanisms. Parental environments frequently alter progeny traits, indicating some 

degree of parental control over offspring phenotypes. For example, offspring from 

parents reared at high density demonstrated larger body mass and farther dispersal as 

adults in a species of beetle (Endriss et al. 2019). In Arabidopsis thaliana, offspring of 

parents reared in higher temperature produced offspring that demonstrated accelerated 

growth rates and flowering time (He et al. 2014) and offspring of parents raised under 

canopy shade demonstrated earlier germination timing (Leverett et al. 2016b). Some 

studies have demonstrated parental environmental effects to alter offspring phenotypic 

plasticity in response to their current environment. In Polygonum persicaria, for example, 

parents grown under drought or shade produced offspring that demonstrated increased 

plasticity to these conditions in their current generation (Herman et al. 2012; Baker 2018). 

Parental control of progeny phenotypes may be adaptive if the environmental cues 

perceived by parents are more accurate predictors of future selection on progeny 

environment than the progeny’s current environment (reviewed in Auge et al. 2017). 

One potential mechanism of non-genetic control over progeny phenotypes is 

DNA methylation. DNA methylation refers to the addition of a methyl group to the 
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cytosine nucleotide in DNA and can alter gene expression (Berger et al. 2009). The 

degree of DNA methylation often correlates with gene expression, such that high DNA 

methylation is associated with gene silencing; although there is variability in this 

correlation (Jullien 2006; Vanyushin and Ashapkin 2011). DNA methylation and other 

epigenetic processes are involved in the regulation and seasonal cueing of development 

(Valledor et al. 2007; Gibney and Nolan 2010; Faulk and Dolinoy 2011). For example, the 

initiation of leaf emergence in poplars or flowering in cherries after seasonal chilling is 

regulated via DNA methylation (Tanino et al. 2010; Rothkegel et al. 2017).  

DNA methylation has been documented to be involved in other phenotypic 

responses to environmental conditions in plants (Mbichi, Wang, and Wan 2020).  DNA 

methylation was implicated in phenotypic changes in response to salt stress of the 

current generation in Arabidopsis thaliana (Xu et al. 2015), maize (Tan 2010),  wheat 

(Zhong, Xu, and Wang 2009), and dandelions (Verhoeven et al. 2010). Phenotypic 

response to water or nutrient limitation was demonstrated to be mediated via DNA 

methylation in several plant species (Tan 2010; Verhoeven et al. 2010; Garg et al. 2015; 

Chen et al. 2018). In addition to the abiotic environment, biotic aspects of the 

environment, like disease (Latzel et al. 2012; Stassen et al. 2018) and herbivore presence 

(Herrera and Bazaga 2013; Kellenberger, Schlüter, and Schiestl 2016), can also affect 

phenotypes in plants via changes in DNA methylation. Progeny DNA methylation has 

even been shown to contribute not only to shade-induced plasticity but also to 
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transgenerational environmental effects in Polygonum persicaria (Baker, Berg, and Sultan 

2018; Baker et al. 2019). 

Beyond affecting phenotypes in the current generation, DNA methylation of 

parents has been shown to alter progeny phenotypes and progeny responses to 

environmental conditions (Boyko and Kovalchuk 2010; Norouzitallab et al. 2019). 

Transmission of changes in DNA methylation induced by drought, temperature, 

nutrient availability, and pathogen exposure from parent to offspring can affect the 

phenotype in the next generation, even when offspring do not experience these 

environments themselves (Herman and Sultan 2011, 2016; Luna et al. 2012; Verhoeven 

and van Gurp 2012; Rendina González et al. 2018; Van Dooren et al. 2020). Parental 

DNA methylation has also been shown to affect offspring response to their current 

environment. For example, in two clonal plant species, DNA methylation was shown to 

affect the expression of parental environmental effects in a manner dependent on the 

offspring environment; that is, parental effects that were transmitted via DNA 

methylation only affected phenotypes when offspring were grown in stressful 

environments (Dong, Meng, and Yu 2019).  

Since both parent and offspring DNA methylation can affect phenotypes in 

response to both abiotic and biotic environmental factors, DNA methylation is a 

promising candidate for regulating progeny responses to neighbor presence. To 

understand how plastic phenotypes are regulated and what the fitness consequences of 
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such regulation may be to progeny, it is of interest to quantify the contribution of 

parental versus progeny DNA methylation to phenotypic plasticity, and to determine 

the fitness consequences of parental versus progeny regulation of those plastic 

responses. Under predictable environments across generations, parental regulation of 

progeny phenotypes is expected to be adaptive (Uller 2008; Dury and Wade 2020). In 

contrast, progeny control of their own phenotype is expected to be adaptive when 

environments change unpredictably across generations (Kuijper and Hoyle 2015). To test 

these hypotheses, it is necessary to manipulate parental versus offspring control of 

phenotypes, quantify the effects of these manipulations on phenotypes, and determine 

the fitness consequences to progeny. 

One way to manipulate parental versus progeny control of phenotype is to use a 

chemical DNA methylation inhibitor to demethylate the genome in parent and offspring 

generations separately. Such inhibition can provide insight into which generation’s 

epigenetic regulation influences phenotypic expression and lifetime fitness of offspring. 

Chemical manipulation globally demethylates the genome and has been shown to have 

similar effects as genetic mutation of DNA methyltransferases (Chapter 1). It therefore 

permits the specific disruption of parent versus progeny DNA methylation. This method 

of DNA demethylation has been used to quantify the relative contribution of parental 

versus progeny DNA methylation on progeny response to simulated vegetative shade in 

A. thaliana (Chapter 2). 
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In the previously mentioned studies of A. thaliana, parental DNA methylation 

was shown to control progeny seed germination more strongly than progeny DNA 

methylation under constant environmental conditions (Chapter 1), and disruption of 

DNA methylation in both parents and offspring had measurable effects on progeny 

phenotypes and their response to simulated canopy (Chapter 2). Parental demethylation 

led to the increase in progeny response to progeny environment in some genotypes 

(Chapter 1) and the loss or reversal of parental effects of shade (Chapter 1, Chapter 2). 

However, those studies did not quantify the fitness effects of phenotypic plasticity and 

its regulation via DNA methylation under realistic conditions as they were conducted in 

controlled and non-competitive environments. No studies have yet examined the fitness 

consequences of parental versus progeny DNA methylation on responses to competition 

under realistic seasonal conditions. Neighbor presence and size can vary across seasons, 

and plants can respond plastically to seasonal cues as well as the direct presence of 

neighbors and/or vegetative canopy. For that reason, examining the combination of 

seasonal conditions and neighbor presence allows a better understanding of how plants 

respond to neighbors in realistic seasonal context, and therefore, it permits a more 

realistic estimate of the fitness consequences of such responses.  

In this study, I test how parental versus progeny DNA methylation regulates 

response to plant neighbors under simulated seasonal conditions in the winter annual 

plant, Arabidopsis thaliana. A. thaliana is native to Eurasia but has been introduced widely 
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throughout the globe (Hoffmann 2002), and therefore experiences diverse seasonality 

across its range. Seasonal conditions have been shown to modify the effect of neighbors 

on A. thaliana (Leverett, Schieder, and Donohue 2018a; Leverett 2017a). This species 

inhabits disturbed areas like fallow fields and usually germinates in the fall, overwinters 

as a rosette, and flowers in the spring (Mitchell-Olds 2001; Hoffmann 2002; Burghardt et 

al. 2015b; Leverett, Schieder, and Donohue 2018a). A. thaliana is known to be a weak 

competitor (Schmid, Bauer, and Bartelheimer 2015; Leverett 2017a); therefore, neighbor 

environment can be particularly impactful on fitness making it a good system to study 

the effects of neighboring community and phenotypic regulation in seasonal conditions.  

Previous studies in A. thaliana (Chapter 1) detected genetic variation in the effect 

of demethylation on plasticity and parental effects. It is therefore important to examine 

the effects of DNA methylation on competition-induced plasticity and fitness in 

different genotypes. Evidence of genetic variation in the magnitude and direction of 

plasticity would suggest that plasticity in response to neighbors is genetically based. 

Genetic variation in the effect of demethylation on plastic response to neighbors in 

offspring would suggest that the role of DNA methylation on regulating plasticity has a 

genetic basis. If response to neighbors and/or regulation of response to neighbors via 

DNA methylation is genetically based, it would suggest that response to neighbors 

and/or regulation of plasticity in response to neighbors have some potential to exhibit 

evolutionary responses to selection. Furthermore, if populations vary in the balance of 
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parent versus offspring DNA methylation on phenotypic plasticity of offspring, it may 

reflect differences in the historical environments that have imposed selection on parental 

effects. For these reasons, it is relevant to examine the consequences of environmental 

and DNA methylation manipulations in multiple genotypes. 

In this study, I used a DNA methylation inhibitor to experimentally disrupt 

parental or progeny DNA methylation. I then examined responses of progeny 

phenotypes and fitness components to the presence versus absence of neighbors under 

simulated seasonal conditions. With this design, I aimed to answer the following 

questions: (1) Does neighboring community affect plant growth, survival, and 

fecundity in simulated seasonal conditions, and does the effect of neighbors vary 

with genotype? (2) Are phenotypic responses to neighbors adaptive? (3) Does parental 

or progeny DNA methylation regulate morphological and fitness responses to 

neighbors in simulated seasonal conditions, and do responses vary by genotype? and 

(4) Does parental or progeny DNA methylation alter fitness and adaptive plasticity? 

3.2. Materials and Methods 

3.2.1. Study system and genetic material 

We used the winter annual plant Arabidopsis thaliana, native to Eurasia but 

introduced widely throughout the globe (Hoffmann 2002). The following ecotypes of 

Arabidopsis thaliana were chosen (Appendix C Table C3): Col, Cvi-0, Cvi-1, and a 

localized population from the Catsburg area of Durham, NC, USA (Cats). Col was 
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originally collected in Germany (Redei 1992) and is often used in laboratory studies of 

this species. Cvi-0 and Cvi-1 are from the Cape Verde Islands in Africa that are 

hypothesized to be refugia from the last period of glaciation (Beck, Schmuths, and 

Schaal 2008). In addition, Cvi-1 has distinctive morphology, like increased petiole angle, 

that is categorized as part of the shade avoidance syndrome response in other plant 

species (Jiao, Lau, and Deng 2007). The Cats ecotype has had minimal acclimation to 

laboratory conditions. Details on the collection and bulking of the Cats ecotype are 

described in Chapter 2. All plants were grown in the Duke University Phytotron growth 

facility in Environmental Growth Chambers E7-2 (Durham, NC, USA). 

3.2.2. Parental manipulation of DNA methylation and growth conditions 

The parental generation was grown in a growth chamber set to a 22°C/16°C 12-

hour light/dark diurnal cycle. To manipulate parental DNA methylation, two mg of 

seeds were loaded on 90mm dishes with 0.7% agar and cold stratified for four days at 

4°C to break dormancy and stimulate germination. Seeds received either 1mL of 50µM 5-

azaCytidine, known to globally demethylate the genome (Griffin, Niederhuth, and 

Schmitz 2016) fresh daily for four days (“demethylation”),  or an equal volume of water 

daily for four days (“control”). Two weeks after germination, seedlings were planted in 

57.15mm wide square pots, one plant per pot, with fresh soil, with 10 replicates per 

genotype per treatment. Positions of pots were regularly rotated within the growth 

chamber. After at least 75% of individuals developed siliques, water was withheld to 
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induce senescence. I harvested seeds after plants senesced. Seeds were after ripened for 

three months and used in the following treatments. 

3.2.3. Progeny manipulation of DNA methylation 

Seeds from the parental generation were cold stratified to break dormancy. Seeds 

were then split factorially into treatment groups (“demethylation” or “control”) to test 

for the effect of DNA methylation of the current generation, as described in the previous 

paragraph for a total of 4 treatment groups (control/water only, parental demethylation 

only, progeny demethylation only, and both parental and progeny demethylation). After 

cold stratification and treatment, dishes were placed in one of the growth chambers 

simulating the month of October. Seeds were left on agar for two weeks to allow 

germination and seedling establishment. 

3.2.4. Neighbor manipulation 

To manipulate heterospecific competition, I used two-week old Stellaria media 

seedlings as competitors. Stellaria media is a common neighbor of Arabidopsis thaliana 

from natural field studies in North Carolina and Kentucky (Callahan and Pigliucci 2002; 

Leverett 2017a). Furthermore, Stellaria media is an introduced winter annual species in 

North America, overlapping in native and introduced ranges with A. thaliana (Sobey 

1981; Sharples 2019). Therefore, A. thaliana is likely to encounter and actively compete 

with S. media in the field as they grow and reproduce during the same seasons. A. 

thaliana demonstrates a rosette growth habit, while S. media demonstrates prostrate 
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growth. Competitive ability can be influenced by plant growth patterns, with erect 

species having increased ability to outcompete neighbors (Fazlioglu, Al-Namazi, and 

Bonser 2016), suggesting that S. media may be an intermediate competitor for this 

species.  

Two weeks after germination, A. thaliana seedlings were transplanted into 

57.15mm wide square pots of fresh soil with or without four Stellaria media neighbors in 

the chambers set to conditions that resemble seasonal variation in Durham, North 

Carolina (see below). 15 replicates per genotype (4) x demethylation treatment (4) x 

neighbor environment (2), resulted in a total of 480 focal individuals. Neighbor 

treatments were split into high- and low-density blocks of 32 pots distributed across 3 

growth chambers, to prevent crowding by adjacent neighbor treatment pots of 

individuals grown alone. At least two replicates of genotype x methylation were 

randomly assigned positions within each block. Blocks were randomized across 

chambers, with an equal number of neighbor treatments as those grown alone. Blocks 

were rotated within and across chambers every 10-14 days to minimize chamber and 

position effects. 

3.2.5. Seasonal growth conditions 

To simulate seasonal conditions, growth chambers were set to the average 

diurnal high (day) and low (night) temperatures of the months of October – May, across 

10 years of bioclime data, to mimic the natural growing season of A. thaliana in Durham, 
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NC (Leverett, Schieder, and Donohue 2018;D’Aguillo, Edwards, and Donohue 2019). 

Daylength was set to match the average photoperiod for each month (Appendix C Table 

C1). Seedlings were first placed into October conditions when seeds of both species 

germinate. Seasonal conditions changed monthly to correspond to the progression of the 

growing season. While precipitation is an important seasonal factor that fluctuates 

across the growing season, in Durham, the growing season often is punctuated by 

summer drought. Therefore, plants were watered as needed until the simulated month 

of May which usually coincides with the beginning of the summer season. 

3.2.6. Measurement of progeny traits 

Seedling survival was measured at four weeks after transplanting. At the onset 

of the simulated month of May, watering was halted to simulate end of season drought. 

At the cessation of watering, at least 75% of individuals had developed siliques. Bolting 

height, number of bolting stalks, number of leaves, and survival to reproduction were 

measured one week after cessation of watering, and seed mass was measured after 

harvesting, when individuals had at least 70% yellow mature siliques. Aracon bases 

were used to ensure all seeds were collected. 

3.2.7. Statistical analysis 

I analyzed data using R v. 4.0.0 (R Core Team, 2020). To test for significant effects 

of DNA demethylation and neighbor presence on morphological traits and fitness, I 

employed generalized linear models (GLMs) using the “glm” function, with traits as the 
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dependent variable, and genotype, parental demethylation treatment, progeny 

demethylation treatment, progeny neighbor treatment, and all interactions as fixed 

factors. (Genotype was designated as a fixed factor because genotypes were not chosen 

randomly.) Because individuals were randomized over blocks on a regular basis, block 

was not required in the analysis. The gaussian distribution was used for seed mass and 

bolt height, the Poisson distribution for number of bolting stalks and number of leaves, 

and the quasibinomial distribution for seedling and adult percent survival. Because of 

significant interactions with genotype in the full model, we also fit separate GLMs for 

each genotype, with parental demethylation treatment, progeny demethylation 

treatment, progeny neighbor treatment, and their interactions as fixed effects. We used 

Type III analysis of variance to test for significance in all our experiments. P-values were 

adjusted for multiple comparisons with the Holm procedure via the “p.adjust” 

command. 

When interpreting results, I set control (no demethylation) and no neighbors as 

the reference conditions. I used the function “pairwise” in the emmeans package (Lenth 

et al., 2020) to examine the magnitude and direction of response to neighbor presence 

(“contrasts”) for traits within each combination of demethylation treatments. These 

contrasts were compared to the control treatment to determine if the demethylation 

treatment altered response to neighbors. I used Tukey’s method to adjust significance 

thresholds for multiple comparisons across demethylation treatments. 
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To test for adaptive plasticity, I conducted a phenotypic selection analysis.  First, 

I ran a multivariate model to regress standardized trait values on relative fitness which 

included all structural traits, genotype, neighbor treatment, and demethylation 

treatments using the “glm” and “Anova” functions in the stats package. I then ran the 

same analysis in a univariate model that included only one trait at a time.  As significant 

trait by genotype interactions were found, univariate models regressing each 

standardized trait on relative fitness were performed for each genotype.  

3.3. Results 

3.3.1. Neighbors affected growth and survival in a genotype-specific 
manner, while neighbors reduced fecundity for all genotypes 

The presence of neighbors altered the expression of progeny phenotypes. The 

presence of neighbors altered the number of leaves at the time of bolting. Col and Cats 

genotypes had significantly fewer leaves when grown with neighbors, while Cvi-0 and 

Cvi-1 had more leaves when in competitive environments (Fig 8c, Tables 11 & A3). All 

genotypes demonstrated decreased bolting height stalks when grown with neighbors 

(Fig 8a, Table 11).  All genotypes also had fewer bolting stalks when grown with 

neighbors, but genotypes differed significantly in how strongly this trait responded to 

the presence of neighbors (Fig 8b, Tables 11 and Appendix C2).  

Neighbors reduced some fitness components, but not all. The presence of 

neighbors significantly decreased seedling survival for Cvi-0 but did not significantly 
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affect survival in the other genotypes (Fig 9a, Table 12).  The presence of neighbors did 

not significantly affect survival to reproduction in any genotype, however (Fig 9b, Table 

13), suggesting that early seedling survival may be more sensitive to neighbors than 

mortality that occurs after seedling establishment. Plants grown in the presence of 

neighbors had lower fecundity (total seed mass) than those growing without neighbors. 

All genotypes experienced a significant decrease in total seed biomass when grown with 

neighbors, but Col and Cats genotypes showed a significantly larger negative effect of 

neighbors than did Cvi-0 and Cvi-1 (Fig 8c, Table 14). 

3.3.2. Plasticity to neighbors under normal operation of DNA 
methylation was adaptive in one genotype and maladaptive in another 

Adaptive plasticity required environment-dependent selection on phenotypes, 

which is evident as a significant interaction between a trait and environment, when 

regressed on fitness. Adaptive plasticity is demonstrated when the phenotype expressed 

in a given environment increases fitness in that environment compared to the phenotype 

expressed in the alternative environment.   

The observed reduction of bolt height in the presence of neighbors was not 

adaptive, since taller bolts were associated with higher fitness (in Cvi-0 only; Table 15), 

especially in the presence of neighbors (Appendix C Fig C1). The observed reduction of 

number of bolting stalks in the presence of neighbors was also not adaptive; more 

bolting stalks was associated with higher fitness (in Cvi-0 and Cvi-1; Table 15) especially 

in the presence of neighbors (Appendix C Fig C1).  
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A larger number of leaves at reproduction increased relative fitness (in Cvi-0; 

Table 15), especially in the presence of neighbors (significant trait x neighbor interaction 

in Cvi-0; Table 15). Selection on leaf number was not significant in the absence of 

neighbors. Cvi-0 did increase leaf number in the presence of neighbors, indicating that 

this response contributed to high fitness in the presence of neighbors, and the reduction 

in leaf number was not maladaptive in the absence of neighbors. The other genotypes 

did not reveal any selection on leaf number, indicating that plasticity of this trait would 

not alter fitness in these genotypes.   

3.3.3. Demethylation affects growth and phenotypic response to 
competition in a genotype-specific manner 

Genotypes differed in whether maternal versus progeny demethylation had a 

greater effect on specific traits. Bolting height was increased when demethylation 

occurred, and genotypes differed in which generation’s demethylation elicited the 

response. Parental demethylation increased bolting height in Col and Cvi-1 (Fig 8a, 

Tables 11a and 11d). Cats demonstrated increased bolting height when demethylation 

occurred in progeny, and both Cats and Col demonstrated increased bolting height with 

demethylation in both generations (Fig 8a, Tables 11a and 11b).  

The number of bolting stalks decreased in Cats when demethylation occurred in 

one generation alone (either parental or progeny) (Fig 8b, Table 11b). There was no 

significant effect of demethylation on the number of bolting stalks in any other 

genotype. 
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Leaf number showed variable response to demethylation across genotypes. For 

Col and Cvi-1, parental demethylation increased leaf number, but it decreased leaf 

number in Cats (Fig 8c, Tables 11b and 11d). Demethylation in progeny decreased leaf 

number in Col and Cats. Demethylation in both generations decreased leaf number in all 

genotypes, except Col (Fig 8c, Table 11a-d). In Col, either parental demethylation or 

progeny demethylation alone increased leaf number, but demethylation in both 

generations resulted in no change in leaf number (Fig 8c, Table 11a). 

Demethylation altered plastic responses to neighbors. Because the effect of 

demethylation sometimes differed between neighbor treatments for some traits, it 

caused the plasticity of those traits to change. Demethylation altered how bolt height 

responded to neighbors. In Col, demethylation of either parents or progeny led to a less 

extreme reduction in bolt height in response to neighbors compared to the water control 

(Figs 4a and 5a.i.). In Cats, demethylation of parents alone did not alter the response to 

neighbors, but demethylation of progeny eliminated the response to neighbors. When 

both parental and progeny methylation was disrupted in Cats, the response to neighbors 

reversed, causing taller bolts in the presence of neighbors. In Cvi-1, demethylation of 

parents did not qualitatively alter the response to neighbors, but demethylation of 

progeny reversed the response, causing taller bolts in the presence of neighbors. 

Demethylation of both parents and progeny restored the direction of response to that of 
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the control, suggesting some oppositional interactions between parents and progeny in 

the regulation of this phenotype. 
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Table 11. Effect of neighbors and demethylation on phenotype, GLMs separately by 
genotype. 

Fixed effect  
 
 

Bolt 
Height  
LR Chisq 

No. Bolt 
Stalks  
LR Chisq 

No.  
Leaves 
LR Chisq 

A.  Col 
Neighbors 67.50*** 4.54* 48.85*** 
Parental demethylation 15.42*** 2.11 7.85* 
Progeny demethylation 0.36 0.05 9.79* 
Neighbors x Par demethylation  2.28 0.61 6.73* 
Neighbors x Prog demethylation 0.82 0.04 3.54 
Par  x Prog demethylation 68.29*** 0.23 23.56*** 
Neighbors x Par x Prog demethylation  6.93* 0.29 8.55* 
B. Cats 
Neighbors 35.76*** 21.16*** 151.03*** 
Parental demethylation 1.28 25.66*** 36.39*** 
Progeny demethylation 5.70* 4.64* 8.64* 
Neighbors x Par demethylation  0.5 11.16** 0.3 
Neighbors x Prog demethylation 39.51*** 9.06* 0.12 
Par  x Prog demethylation 4.30* 1.73 25.22*** 
Neighbors x Par x Prog demethylation  1.41 0.72 29.28*** 
C. Cvi-0 
Neighbors 8.24* 6.88* 5.40* 
Parental demethylation 0.31 0.25 0.03 
Progeny demethylation 0.89 0 0.46 
Neighbors x Par demethylation  0 0.16 3.1 
Neighbors x Prog demethylation 1.32 0.1 0.76 
Par  x Prog demethylation 0.9 1.39 11.81* 
Neighbors x Par x Prog demethylation  0.57 1.38 0.07 
D. Cvi-1 
Neighbors 6.69* 3.11 6.83* 
Parental demethylation 25.95*** 0.24 23.96*** 
Progeny demethylation 0.05 3.33 0.5 
Neighbors x Par demethylation  5.12* 0.03 20.03*** 
Neighbors x Prog demethylation 1.06 2.96 0.03 
Par  x Prog demethylation 1.01 0.34 8.08* 
Neighbors x Par x Prog demethylation  3.39 0.58  
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In the control demethylation treatment, the presence of neighbors had a 

significant effect on number of bolting stalks in the Cats genotype only. This effect of 

neighbors was lost in all demethylation treatments (Figs 11b & 12a.ii.).  

Demethylation altered the response of leaf number to neighbors (Figs 11c and 

12a.iii.). In Col, parental demethylation only led to the loss of neighbor effect, but 

demethylation of progeny or demethylation of both parents and progeny did not alter 

the response to neighbors. In Cats, demethylation of progeny only intensified the 

response to neighbors, causing even fewer leaves in the presence of neighbors compared 

to the water control. When both parental and progeny were demethylated, the effect of 

neighbors was lost since few leaves were produced even in the absence of neighbors.  In 

Cvi-0, progeny demethylation alone did not alter the response to neighbors, but parental 

demethylation reduced the response. Demethylating both parents and progeny restored 

some response that was observed in the control treatment, but not significantly. In Cvi-1, 

maternal demethylation (either alone or in combination with progeny demethylation) 

eliminated the effect of neighbors while progeny demethylation alone slightly 

intensified the increase in leaf number in the presence of neighbors that was observed in 

the control treatment. These results demonstrate that the epigenetic regulation of 

neighbor-induced plasticity varies with genotype.  
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3.3.4. Demethylation of parents and progeny influenced fitness in a 
genotype-specific manner 

Parental demethylation increased survival, while progeny demethylation 

decreased survival for some genotypes. Disruption of parental DNA methylation 

increased seedling survival in Col and Cvi-1, (Fig 8a, Table 12), especially when 

neighbors were not present, but parental demethylation had no effect on seedling 

survival in Cvi-0 and Cats (Fig 8a, Table 12). Consequently, the absence of neighbors 

was beneficial in Col and Cvi-1, unlike the control treatment in which neighbors had no 

effect on survival, although this trend was not significant (non-significant parental x 

neighbor treatment). Progeny demethylation decreased seedling survival in Col, Cvi-1, 

and Cats (Fig 8a, Table 12). Disruption of DNA methylation in both generations had no 

interactive effect in any genotype.  
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Table 12. ANOVA of seedling survival in response to genotype, neighbors, and 
demethylation. Each column represents the separate GLM for each ecotype from left to 
right: Col, Cvi-0, Cvi-1, Cats. The final column (x Geno) presents the interaction of each 
factor with genotype, from a GLM that included all genotypes; therefore, a significant 
LR Chisq in this column demonstrates that there are significant differences among the 
genotypes in how these factors affect seedling survival. Significant effects are bolded 
with the p-values (within each genotype, df=1, full model including genotype (x Geno 
column), df=3): * P < 0.05, **P< 0.001, ***P < 0.0001. 
 

Fixed effect 

Col 

LR 

Chisq 

Cats 

LR 

Chisq 

Cvi-0 

LR 

Chisq 

Cvi-1 

LR 

Chisq 

x Geno 

LR 

Chisq 

Neighbors 3.31 5.67* 0.67 2.9 9.36* 
Parental demethylation 7.02* 0.92 6.15* 1.11 15.24** 
Progeny demethylation 12.99** 0.84 14.26** 13.16** 4.54 
Neighbors x Par demethylation  0.79 0.19 0.01 0 1.63 
Neighbors x Prog demethylation 0.24 0.07 2.1 0.05 3.46 
Par  x Prog demethylation 0.6 0.17 2.02 1.4 0.75 
Neighbors x Par x Prog demethylation  2.62 0.28 2.62 1.12 1.01 

 

Survival to reproduction was influenced by demethylation in a manner that 

depended on genotype (Table 13). Disruption of parental DNA methylation led to 

higher survival to reproduction in Col and Cvi-0 but had no significant effect in the 

other genotypes (Fig 8b, Table 13). Disruption of progeny DNA methylation led to lower 

survival to reproduction in Col, Cats, and Cvi-1, but had no significant effect in Cvi-0 

(Fig 8b, Table 13), similar to seedling survival. Demethylation in both generations 

significantly reduced survival to reproduction in Cvi-0 and Cvi-1. In Col, demethylation 

in both generations decreased survival to reproduction when neighbors were present, 

but not as much as when only progeny methylation was disrupted, leading to no 

significant difference from the control (Fig 8b, Table 13). These results indicate that, in 
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some genotypes, functional DNA methylation in parents may compromise progeny 

survival, but functional DNA methylation in progeny increases progeny survival.  
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Figure 8. Effect of parent and progeny demethylation on (a) bolting height, (b) bolting 
stalk number, and (c) leaf number at reproduction in response to neighbors. Progeny 
neighbor density is demonstrated on the x-axis, with no neighbors on the left (Alone) 
and neighbors on the right (Neighbors). Each point represents the genotype x 
treatment’s mean trait value with its standard error. Line type represents parental DNA 
methylation treatment, with parental water only as solid lines and parental DNA 
methylation disruption as dashed lines. Progeny DNA methylation treatment is 
demonstrated by line color, with progeny water only in dark gray and progeny DNA 
methylation disruption in orange. Control response (water in both generations) is 
bolded. Significant effects are abbreviated: parental DNA methylation disruption (m), 
progeny DNA methylation disruption (p), and neighbor presence (n), with the following 
p-values: (*) for p<0.05, (**) for p<0.001, and (***) for p<0.0001. 
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Figure 9. Effect of parent and progeny DNA methylation on (a) seedling survival, (b) 
survival to reproduction, and (c) seed mass in response to neighbors.  Progeny 
neighbor density is demonstrated on the x-axis, with no neighbors on the left (Alone) 
and neighbors on the right (Neighbors). Each point represents the genotype x 
treatment’s mean trait value with its standard error. Line type represents parental DNA 
methylation treatment, with parental water only as solid lines and parental DNA 
methylation disruption as dashed lines. Progeny DNA methylation treatment is 
demonstrated by line color, with progeny water only in dark gray and progeny DNA 
methylation disruption in orange. Control response (water in both generations) is 
bolded. Significant effects are abbreviated: parental DNA methylation disruption (m), 
progeny DNA methylation disruption (p), and neighbor presence (n), with the following 
p-values: (*) for p<0.05, (**) for p<0.001, and (***) for p<0.0001. 
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Table 13. ANOVA of final survival in response to genotype, neighbors, and 
demethylation. Each column represents the separate GLM for each ecotype from left to 
right: Col, Cvi-0, Cvi-1, Cats. The final column (x Geno) presents the interaction of each 
factor with genotype, from a GLM that included all genotypes; therefore, a significant 
LR Chisq in this column demonstrates that there are significant differences among the 
genotypes in how these factors affect seedling survival. Significant effects are bolded 
with the p-values (within each genotype, df=1, full model including genotype (x Geno 
column), df=3): * P < 0.05, **P< 0.001, ***P < 0.0001. 
 

Fixed effect 

Col 

LR 

Chisq 

Cats 

LR 

Chisq 

Cvi-0 

LR 

Chisq 

Cvi-1 

LR 

Chisq 

x Geno 

LR 

Chisq 

Neighbors 0.01 3.03 3.08 0.1 2.305 
Parental demethylation 4.87* 0.2 6.78* 2.1 11.505* 
Progeny demethylation 6.60* 16.52*** 0.01 13.89*** 9.643* 
Neighbors x Par demethylation  1.56 0.05 0.8 4.46*** 2.894 
Neighbors x Prog 
demethylation 

0.65 3 0.66 0.37 0.774 

Par x Prog demethylation 13.38** 0.03 7.64* 1.83 8.545* 
Neighbors x Par x Prog 
demethylation  

4.77* 1.79 2.87 1.56 8.258* 
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Table 14. ANOVA of total seed mass in response to genotype, neighbors, and 
demethylation. Each column represents the separate GLM for each ecotype from left to 
right: Col, Cvi-0, Cvi-1, Cats. The final column (x Geno) presents the interaction of each 
factor with genotype, from a GLM that included all genotypes; therefore, a significant 
LR Chisq in this column demonstrates that there are significant differences among the 
genotypes in how these factors affect seedling survival. Significant effects are bolded 
with the p-values (within each genotype, df=1, full model including genotype (x Geno 
column), df=3): * P < 0.05, **P< 0.001, ***P < 0.0001. 
 

Fixed effect 

Col 

LR 

Chisq 

Cats 

LR 

Chisq 

Cvi-0 

LR 

Chisq 

Cvi-1 

LR 

Chisq 

x Geno 

LR 

Chisq 
Neighbors 56.99*** 7.95* 4.58* 35.03*** 20.97*** 
Parental demethylation 1.68 0.99 2.01 15.88** 7.13 
Progeny demethylation 1.32 8.28* 18.78** 4.38* 11.57* 
Neighbors x Par demethylation  8.45* 0.9 2.4 3.96* 3.39 
Neighbors x Prog 
demethylation 

0.06 0.5 1.54 0.66 1.32 

Par x Prog demethylation 18.52** 5.68* 7.96* 1.53 5.24 
Neighbors x Par x Prog 
demethylation  

56.99*** 7.95* 4.58* 35.03*** 20.97*** 

  

The effect of neighbors on survival to reproduction was influenced by parental 

demethylation in some genotypes (Table 13; significant parental x neighbor interaction 

or three-way interaction). For both Col and Cvi-1, disruption of parental DNA 

methylation caused an increase in survival when neighbors were not present. This 

resulted in the absence of neighbors causing higher survival, in contrast to the control 

treatment in which neighbors had no detectable effect on survival (Col) or even caused 

higher survival (Cvi-1).  Demethylation of progeny reduced survival more when 

neighbors were present in the Col genotype, which also imposed a detrimental effect of 

neighbors, unlike the control treatment.  Therefore, in certain genotypes, demethylation 
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caused neighbors to switch from having positive effects on survival to having negative 

effects. 

3.3.5. Demethylation induced both adaptive and maladaptive plasticity 
in a genotype-specific way 

The only potential example of adaptive plasticity that was detected in the control 

treatment was the increase in leaf number in response to neighbors, exhibited by Cvi-0 

and Cvi-1. Parental demethylation reduced leaf number in Cvi-0 individuals growing 

with neighbors, disrupting the adaptive plastic response. However, it increased leaf 

number in Cvi-1, especially in individuals growing alone; this response would increase 

fitness of individuals growing with neighbors, but not affect the fitness of individuals 

growing alone, since leaf number did not affect the fitness of plants growing alone. 

Progeny demethylation reduced leaf number in both neighbor treatments in Cvi-0, 

which would reduce fitness in plants growing with neighbors but not alone. In Cvi-1, 

progeny demethylation intensified adaptive response to neighbors, causing plants 

growing with neighbors to have even more leaves than in the control. Disruption of both 

parental and progeny methylation did not disrupt the adaptively plastic response in 

either genotype, since it increased leaf number only in plants growing alone, which 

would not influence fitness. In sum, parental demethylation eliminated an adaptive 

response of leaf number in Cvi-0, and progeny demethylation intensified an adaptive 

response in Cvi-1. 
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Selection itself sometimes depended on demethylation treatment. Parental 

demethylation reduced or eliminated selection on traits in the presence of neighbors 

compared to the control treatment, and it induced selection in the absence of neighbors 

that was not observed in the control treatment. Specifically, taller bolts, more bolting 

stalks, and more leaves at the time of bolting all were associated with higher fitness in 

the absence of neighbors when parents were demethylated. Parental demethylation 

caused taller bolts in both neighbor treatments (in Col and Cvi-1), which would be 

adaptive. Parental demethylation caused more bolting stalks in Col (adaptive), but fewer 

in Cats especially in plants growing alone (maladaptive), and it caused more leaves at 

reproduction for plants growing with neighbors (Col; no effect on fitness) and in plants 

growing alone (Cvi-1; adaptive).   

Progeny demethylation also induced selection in plants growing alone, but it did 

not necessarily disrupt selection on plants growing with neighbors. As with parental 

demethylation, plants with taller bolts, more bolting stalks, and more leaves at the time 

of bolting had higher fitness in the absence of neighbors, when progeny were 

demethylated. Progeny demethylation caused an increase in bolt height, but only in 

progeny growing with neighbors, which would not influence fitness. It caused fewer 

bolting stalks in plants growing alone (Cats), which would be maladaptive. It caused an 

increase in leaf number of plants grown alone (Col and Cats) which would increase 

fitness.  
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Figure 10. Effect size of neighbors on growth (a), survival (b), and total seed mass (c).  
Each genotype is represented by vertical panels in the following order from left to right: 
Col, Cats, Cvi-0, Cvi-1. The estimate of effect for the contrast of individuals grown alone 
(S) or with neighbors (N) from the estimated marginal means on mean (a.i.) bolting 
height, (a.ii.) number of bolting stalks, and (a.iii.) leaf number at reproduction is plotted 
on the y axis. The response of those grown alone and with neighbors was compared for 
each treatment with its standard error indicated by the following colors: water control in 
both generations in black, demethylation in both mother and offspring in green, 
demethylation in mothers only in gold, and demethylation in offspring only in blue. A 
value overlapping 0 indicates there is no significant difference in traits between 
individuals grown with or without neighbors. As grown alone was the reference, a 
positive effect indicates that individuals grown without neighbors had higher trait 
values (S-N). A higher value in the colored points (treatment) compared to the black 
point (control) would denote that disrupting DNA methylation is associated with 
individuals having higher trait values when grown alone indicating an increased effect 
of neighbors. The opposite would indicate a decreased effect of neighbors with those 
grown alone having lower trait values. A significant effect of neighbor presence is 
demonstrated with the following: (*) for p<0.05, (**) for p<0.001, and (***) for p<0.0001.    
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Figure 10 (continued). Effect size of neighbors on seedling survival (b.i.), final survial 
to reproduction (b.ii.), and total seed mass (c). 
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Table 15. Regression coefficients to test for adaptive plasticity of adult bolt height, 
number of bolting stalks, and leaf number at reproduction. A multivariate model (A) 
that included all traits with genotype (Geno), neighbors, and demethylation treatments 
of parents (Mat) and progeny (Prog) demonstrated significant interactions of traits with 
genotype. Therefore, a univariate model was completed for each trait separately by 
genotype (B). Significant coefficients are bolded with the following p-values: *<0.05, 
**<0.01, ***<0.001. All regressions of each trait are shown in Fig S3. 

 
A. Coefficient of Reg. Bolt Stalk Leaves  
Trait 0.93* -0.1 -0.77  
Trait x Geno 0.41* 0.32 0.46*  
Trait x Neighbors -0.62 0.21 0.69  
Trait x Mat 0.11 0.19 -0.67  
Trait x Prog 0.04 0.26 -0.76  
All Traits -0.2 
B. Coefficient of Reg. Cats Col Cvi-0 Cvi-1 

Bolting height 
Bolt 0.08 0.11 0.41*** -1.47 
Bolt x Neighbors 0.02 0.25 -0.12 1.69 
Bolt x Mat 0.22 0.25 0.25 1.51 
Bolt x Prog 0.2 -0.69 -0.15 1.32 
Bolt x Neighbors x Mat -1.02 -0.99*** -0.42 -1.87 
Bolt x Neighbors x Prog 0.47 0.99 0.32* 1.75 
Bolt x Mat x Prog -0.09 0.72 -0.38 -1.61 
Bolt x Neighbors x Mat x Prog  0 -0.42 0.44 2.45** 

Number of bolting stalks 

Stalk 0.27 0.11 0.17** 0.79 

Stalk x Neighbors -1.02 0.08 0.23 0.38** 
Stalk x Mat -0.36 0.23 0.23 -0.79 

Stalk x Prog 0.15 -0.55 0.21 -0.93* 
Stalk x Neighbors x Mat 0 -0.67 0.34 0.13 

Stalk x Neighbors x Prog 0.0 0.97 0.31 0 
Stalk  x Mat x Prog 0.84 0 0.37 0.67 
Stalk x Neighbors x Mat x Prog  0 0 0.55 0 

Number of leaves 
Leaves 0.09 0.11 0.44*** 2.05 
Leaves x Neighbors -0.04 0.16 -0.28** -2.16 
Leaves x Mat 0.03 0.17 0.16 -1.97 
Leaves x Prog -0.02 -0.17 -0.25 -2.2 
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Leaves x Neighbors x Mat -0.62 -0.5 -0.15 1.77 
Leaves x Neighbors x Prog -0.12 0.61 0.01 2.46*** 
Leaves x Mat x Prog 0.56 0.19 0.04 1.86 

Leaves x Neighbors x Mat x Prog  0 0.37 0.2 -1.56 
 

When both parents and progeny were demethylated, selection on all traits was 

eliminated in plants growing with neighbors, but selection favoring more bolting stalks 

was detected in plants growing alone. In Col, demethylation of both parents and 

progeny caused more bolting stalks for plants growing alone, which would be adaptive, 

but in Cats, it caused fewer bolting stalks in plants growing alone, which would be 

maladaptive. 

3.4. Discussion 

3.4.1. Under normal operation of DNA methylation, neighbors decrease 
fitness 

Neighbors act as competitors, rather than facilitators, for A. thaliana. In my 

experiment, growing with neighbors incurred a cost in the form of reduced seed mass in 

all genotypes with normal operation of DNA methylation. Other competition 

experiments with A. thaliana have indicated that it is a weak competitor (Schmid, Bauer, 

and Bartelheimer 2015) having little effect on its neighbors. Competitive performance 

can depend on plant growth forms (Fazlioglu, Al-Namazi, and Bonser 2016), and in our 

experiment the focal species demonstrated a rosette growth habit with its competitor 

demonstrating prostrate growth. The competitive pressure that S. media exerted on A. 

thaliana resulted in decreased fitness in my experiment. Studies in A. thaliana and other 
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Brassica have found that neighbor density can induce plastic phenotypes and have 

fitness costs (Dechaine et al. 2007; Willis, Brock, and Weinig 2010). While studies in other 

species demonstrate that neighbors can act facilitatively, the positive effect of neighbors 

may depend on a species’ growth form, reproductive strategy, and habitat (Weber and 

Kolb 2013). For A. thaliana, self-pollination and rosette growth form may eliminate the 

benefits experienced by erect-growing and out-crossing species. In the seasonal 

conditions of this experiment, heterospecific neighbors appear to result in competition. 

Age of individual and size of competitor can affect the magnitude of competition 

and environmental effects experienced by competing plants. In pine (Wright, Schnitzer, 

and Reich 2014) and A. thaliana (Leverett 2017b; Leverett, Schieder, and Donohue 2018b), 

developmental age of the individual, level of environmental stress, and size of the 

competitor influenced whether a plant is likely to experience facilitation or competition. 

In my experiment, plants experienced the normal temperature and photoperiod of the 

natural growing season for one population of this species. Early seedling mortality was 

at a similar proportion for populations grown in field experiments (D’Aguillo, Edwards, 

and Donohue 2019), suggesting seedlings experienced early season stress like those 

grown naturally in the field. In my experiment growth was affected by neighbors which 

varied by genotype. Some genotypes experienced facilitative effects of neighbors at the 

seedling stage (Col and Cvi-1), but neighbors nonetheless had adverse effects on total 
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lifetime fitness in all genotypes. In seasonal conditions of Durham, neighbors tend to be 

costly for this species. 

3.4.2. Phenotypic plasticity in response to neighbors was not usually 
adaptive 

Most genotypes responded to neighbors by producing shorter bolts, fewer 

bolting stalks, and fewer leaves at the time of reproduction. Two genotypes (Cvi-0 and 

Cvi1) had more leaves in the presence of neighbors. Selection analysis showed that taller 

bolts, more bolting stalks, and more leaves at the time of reproduction were associated 

with higher fitness in the presence of neighbors, but not in the absence of neighbors.  

Therefore, the observed reduction in those traits in response to neighbors was 

maladaptive. In Cvi-0 and Cvi-1, the observed increase in leaf number in the presence of 

neighbors would increase fitness, and the decrease in leaf number in the absence of 

neighbors would not decrease fitness. Therefore, these genotypes did exhibit some 

adaptive responses to neighbors.  

Other studies of shade-avoidance response have shown that it is adaptive when 

plants can overtop their neighbors, or when it permits rapid reproduction when 

neighbors are likely to induce early mortality (Dudley and Schmitt 1995; Donohue et al. 

2000; Dorn, Pyle, and Schmitt 2000). Such studies have also shown a fitness cost to 

exhibit shade avoidance when neighbors are not present (Dudley and Schmitt 1995; 

Donohue et al. 2000; Dorn, Pyle, and Schmitt 2000; Schmitt et al. 2003). When responses 

to red : far-red light were decoupled from response to total light availability, it was 
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shown that even though neighbors induced phenotypes that were associated with 

reduced fitness, the response to red : far-red light mitigated those adverse responses. In 

this study, I measured only the total effect of neighbors, so we could not detect 

responses to red : far-red light alone.   

3.4.4. Demethylation affected phenotypes, fitness, and response to 
neighbors 

I found that demethylation of both parent and offspring had measurable effects 

on phenotypes and fitness under seasonal conditions, thus indicating that these traits are 

at least partially regulated by DNA methylation. Which generation’s demethylation 

influenced traits varied by genotype in our experiment, which suggests genetic variation 

in the role of DNA methylation on offspring phenotypes. Bolting height increased with 

demethylation, but this was elicited by parental demethylation in some genotypes and 

progeny demethylation in others. The effect of demethylation on leaf number 

demonstrated more variability among genotypes with both direction of effect and which 

generation’s demethylation elicited the response. In my experiment, plants experienced 

diurnal temperature cycling and photoperiod simulating natural growing conditions in 

the field. Under natural conditions, plants often time developmental changes based on 

environmental cues like temperature or photoperiod (Mateo-Bonmatí, Casanova-Sáez, 

and Ljung 2019; Finnegan, Peacock, and Dennis 2000) which can depend on epigenetic 

regulation (H. Zhang, Lang, and Zhu 2018). For example, in poplars (Howe et al. 2015) 

and cherries (Rothkegel et al. 2017), temperature changes led to leaf emergence coupled 
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with dynamic changes in DNA methylation. My results also demonstrate that DNA 

methylation had important roles on traits of plants grown under seasonal conditions. 

Demethylation affected responses to neighbors in my experiment. The effect of 

demethylation on plasticity in response to neighbors varied by genotype and trait. 

Demethylation increased bolting height plasticity in two genotypes (Cats and Cvi-1) but 

decreased plasticity in one genotype (Col). Genotypes also differed in which 

generation’s demethylation had a larger effect. Plasticity of number of bolting stalks was 

decreased with demethylation only in Cats. For leaf number, in all genotypes, except 

Cvi-0, demethylation of parents or of both parents and progeny combined led to loss or 

reversal of neighbor-induced plasticity in leaf number.  

Other studies have also demonstrated genetic and epigenetic variation in 

response to the environment. In two plant species, maternal effects had significant 

impacts on the phenotypes of offspring and their response to neighbor density (Gonzalo 

et al. 2007; Espeland and Hammond 2013). While these studies did not directly measure 

or manipulate DNA methylation, they compared maternal effects, cytoplasmic effects, 

and other modes of inheritance to determine that non-genetic inheritance of maternal 

effects was regulating these competitive responses. These results suggest that DNA 

methylation or another epigenetic mechanism was responsible for transmission. Other 

studies have demonstrated that the effects of environmentally induced plasticity that is 

mediated by DNA methylation vary by genotype. For example, in rice, salt stress 
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induced changes in DNA methylation and gene expression in a genotype-specific 

manner which altered the salinity tolerance of genotypes (Karan et al. 2012). In clovers, 

transgenerational effects of neighbors, soil contamination, and drought varied by 

genotype with evidence of DNA methylation transmitting transgenerational effects 

across clones (González et al. 2018).  When examining plasticity to temperature in an 

alpine herb, populations were found to differ in the degree of plasticity, with increased 

plasticity and higher epigenetic variation for populations from lower elevations (Nicotra 

et al. 2015). While this study did not elucidate which generation controlled the 

epigenetic the regulation of plasticity, it did reveal that genetic background influenced 

both the degree of phenotypic plasticity and the influence of DNA methylation on 

plasticity. As another example, mild drought stress caused changes in DNA methylation 

in the current generation of A. thaliana with no apparent transmission across 

generations; however, the magnitude of drought’s effect on phenotype and its 

persistence across generations varied with genotype (Van Dooren et al. 2020). Another 

study in A. thaliana found that the effect and persistence of temperature across 

generations varied by genotype (Alvarez, Bleich, and Donohue 2020). While the 

mechanism of this transgenerational environmental effect and which generation 

regulated phenotypic plasticity was not determined in this study, it revealed that which 

generation’s environment elicited a phenotypic response varied by genotype.  
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Results from my experiment add to the growing evidence that both genetic and 

epigenetic variation are important contributors to the regulation of phenotypic 

plasticity. Furthermore, genotypes differed in how demethylation altered plasticity. In 

one genotype, demethylation did not significantly affect plasticity in response to 

neighbors in any trait. My results suggest that genetic variation exists for the role of 

DNA methylation on neighbor-induced plasticity and for which generation regulates 

plastic response to neighbors. 

3.4.5. Demethylation altered how neighbors affected fitness in a 
genotype-specific manner 

I found little evidence that the fitness effects of demethylation operated through 

the disruption of plasticity of the phenotypes that we measured. Adaptive plasticity was 

observed only for leaf number in Cvi-0 and Cvi-1, which increased leaf number in 

response to neighbors. Parental demethylation eliminated the adaptive response of leaf 

number in Cvi-0, and progeny demethylation intensified it in Cvi-1.  Other unmeasured 

traits may have altered plasticity in response to demethylation, or fitness consequences 

of demethylation may have altered phenotypes without altering their plasticity. 

Nonetheless, demethylation did alter fitness in a manner that depended on the presence 

of neighbors. 

In my experiment, demethylation tended to reduce the effect of neighbors on 

fitness. However, genotypes varied in which generation’s demethylation resulted in 

reduced or reversed fitness consequences of neighbors. Demethylation increased fitness 
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when grown with neighbors in some genotypes, which suggests that normal operation 

of DNA methylation may prevent adaptive responses to neighbors. However, in other 

genotypes, demethylation decreased fitness when grown with neighbors, which 

suggests that DNA methylation prevents a maladaptive response. Therefore, DNA 

methylation has important consequences on fitness in a genotype-specific manner.  

The adaptive plasticity in response to canopy shading was found to vary with 

population and parental history of shade in Impatiens capensis (Dudley and Schmitt 1995; 

Dixon, Weinig, and Schmitt 2001; Huber et al. 2004). While canopy shade is just one cue 

of growing with neighbors, these results suggest that adaptive plasticity depends on the 

environment of offspring, genotype, and transmission of parental information, 

potentially via DNA methylation. A study in a perennial herb found that parental 

competitive environment increased competitive performance in offspring through 

accelerated growth rates; however, this adaptive plasticity was lost when offspring were 

demethylated (Puy et al. 2020). Studies in Polygonum persicaria have demonstrated that 

demethylation of offspring can eliminate adaptive plasticity in an environmentally-

dependent way (Herman et al. 2012; Herman and Sultan 2016; Baker et al. 2019). 

Adaptive transgenerational plasticity in response to drought was lost with 

demethylation of the current generation, but there were no effects on phenotypes of 

well-watered offspring (Herman and Sultan 2016). When examining competitive 

performance of offspring, parental effects of canopy shade, a cue of neighbor presence, 



 

146 

increased adaptive plasticity in some genotypes (Baker et al. 2019a). While these studies 

in P. persicaria did not examine which generation’s DNA methylation influenced 

adaptive plasticity, they revealed that both progeny DNA methylation and genotype can 

affect adaptive plasticity. In Alternanthera philoxeroides, demethylation of parents affected 

adaptive plasticity in a light-dependent way in offspring such that offspring grown in 

high light lost adaptive parental effects (Dong, Meng, and Yu 2019).  

Results from my experiment demonstrated that genotypes differ in adaptive 

plasticity, and they differ in which generation’s DNA methylation regulates adaptive 

plasticity in offspring. Together, these results show that both the plastic response to 

neighbors and the balance of which generation epigenetically controls phenotypes have 

a genetic basis, which may enable them to evolve in response to natural selection. 

3.5. Conclusion 

Neighbor environment has large fitness consequences for Arabidopsis thaliana 

under seasonal environmental variation. Both parent and progeny DNA methylation 

regulate offspring phenotypes and their response to neighbors. Some traits were more 

responsive to parental demethylation in some genotypes, while other traits were more 

responsive to progeny demethylation in other genotypes. Under normal operation of 

DNA methylation, growing with neighbors led to decreased seed mass for all genotypes, 

while morphological changes in response to neighbors varied by genotype. Functional 

parental DNA methylation seems to prevent progeny from attaining high fitness in 
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some genotypes, suggesting parent-offspring conflict may be mediated by DNA 

methylation of parents. Progeny DNA methylation appears to be required for high 

fitness to be achieved for most genotypes. Therefore, DNA methylation of parent and 

offspring likely mediate both the phenotypic response to neighbors and the fitness 

consequences of growing with neighbors. The observed genetic variation in the effect of 

parental versus progeny demethylation on the response of traits and fitness to neighbors 

suggests that the way DNA methylation regulates the response to neighbors varies 

among natural populations and therefore has evolutionary potential.  
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Conclusion 

The results of this dissertation show that the experience of the previous 

generation affects the current generation. DNA methylation of the previous generation 

was important in the transmission of parental environmental effects, especially early in 

life. Seeds responded to parental canopy experience but failed to respond to current 

canopy shading in most genotypes. However, when parental DNA methylation was 

disrupted, these parental effects of shading were lost or reversed, depending on 

genotype, indicating that parental DNA methylation is involved in regulating parental 

effects. Furthermore, after parental demethylation, some genotypes began responding to 

seed canopy which indicates that parental DNA methylation can sometimes regulate, or 

even suppress, progeny responses to their own environment.  

As plants develop, the influence of the previous generation becomes weaker 

relative to the current generation. Both germination proportion and seedling phenotypes 

were influenced by parental environments, while adult traits were more strongly 

affected by the current environment. Regulation of these traits via DNA methylation 

showed a similar pattern of parental DNA methylation more strongly affecting early 

development and progeny DNA methylation increasing in significance as plants age.  

Finally, response to neighbors in simulated seasonal conditions demonstrated 

that the effects of neighbors depended on genotype and disruption of DNA methylation. 

Seedling survival was increased in some genotypes by the presence of neighbors but 
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decreased in others. Some genotypes grew larger in competitive environments, while 

others grew fewer leaves. When parental DNA methylation was disrupted, some 

genotypes had increased survival and others had increased seed mass in response to 

neighbors. However, when progeny DNA methylation was disrupted, there was no 

significant effect of neighbor presence on survival and only one genotype demonstrated 

reversal of neighbor effects on seed mass. Furthermore, another genotype exhibited no 

change in plastic response to neighbors in any demethylation treatment which suggests 

that epigenetic control of neighbor-induced plasticity varies by genotype. Both parental 

and progeny DNA methylation had effects on morphology and fitness indicating that 

both parental and offspring experience can shape response to neighbors in natural 

conditions.  

Overall, these results suggest that parental experience is important in 

determining offspring phenotypes. The regulation of these plastic traits is influenced by 

both parent and offspring DNA methylation, with increasing relative contribution of the 

current generation as progeny develop, as predicted. However, the variation exhibited 

by genotypes in these trends of parental control indicate that a genotype by epigenotype 

interaction may exist in regulating transgenerational plasticity in response to neighbors. 

As the degree of parental control on the next generation is variable among genotypes, 

the relative strength and persistence of parental effects may have a genetic basis and 

therefore may evolve in response to natural selection. 
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Appendix A. Parental epigenetic control of early-life traits: 
Supplement.  
 

Table A1. Descriptive list of mutants (tDNA insertion on Col background) used in 
Chapter 1, Experiment 3. 

Mutant Gene Function DNA methylation context 
cmt3 RdDM pathway, Histone modification, DNA 

methylation maintenance 
 

CHG, CHH 

kyp Histone modification, DNA methylation 
maintenance 

CHG, CHH 

met1 De novo methylation, DNA methylation 
maintenance  

CG 

vim1 De novo methylation, primarily involved in 
DNA methylation maintenance 

CG, CHG 
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Appendix B. Plasticity within and across generations in 
response to simulated neighbors is controlled by both 
parent and progeny DNA methylation: Supplement.  
 

 
 

Figure B1. Schematic of growth chamber light blocks within each growth chamber 
(n=2). White light had clear plastic placed at the same distance from light source as green 
filter. Aluminum foil barriers (gray line) separated light treatments within the upper and 
lower halves of the growth chambers. 
 



 

 

152 

Table B1. Six tables of Pearson’s correlations for seedling and adult traits in water control (A & B), parental demethylation (C & 
D), and progeny demethylation (E & F) treatments. Environmental treatment combinations of white light (WL) and green filter (GF) 
across generations are listed above and below the diagonal (WL/WL, WL/GF, GF/WL, GF/GF). Seedling traits of shoot height, length 
and width of most recently emerged leaf, root length of longest root, and number of root branches are listed first, followed by adult 
traits of total seed biomass, above-ground dry biomass, and height of bolting stalk. Significant Pearson’s correlations (p<0.05) are 
listed with an asterisk (*), bolded, and italicized.   

 
Water 
only A. 

 WL / WL 

 
 
 
 
 

WL / GF 

 
Shoot 
Height 

Leaf 
Length 

Leaf 
Width 

Root 
Length  

Root 
Branching 

Seed 
Mass 

Biomass Bolt 
Height  

Shoot Height x 0.29 0.36 0.49 0.15 0.12 0.45 0.56 

Leaf Length 0.34 x 0.87* 0.65* 0.29 -0.02 0.46 -0.47 

Leaf Width 0.37 0.73* x 0.69* 0.43 0.09 0.53 -0.19 

Root Length 0.18 0.40 0.52 x 0.48 0.29 0.64* 0.06 

Root Branching 0.04 0.57* 0.50* 0.81* x 0.17 0.26 -0.16 

Seed Mass 0.12 0.50 0.56 -0.22 0.21 x 0.70* 0.40 

Biomass -0.34 0.23 0.11 -0.53 -0.04 0.84* x 0.22 

Bolt Height -0.12 0.07 -0.12 -0.07 -0.07 -0.45 -0.23 x 

 

 

 

 



 

 

153 

Table B1 (continued). Six tables of Pearson’s correlations for seedling and adult traits in water control (A & B), parental 
demethylation (C & D), and progeny demethylation (E & F) treatments. Environmental treatment combinations of white light (WL) 
and green filter (GF) across generations are listed above and below the diagonal (WL/WL, WL/GF, GF/WL, GF/GF). Seedling traits of 
shoot height, length and width of most recently emerged leaf, root length of longest root, and number of root branches are listed 
first, followed by adult traits of total seed biomass, above-ground dry biomass, and height of bolting stalk. Significant Pearson’s 
correlations (p<0.05) are listed with an asterisk (*), bolded, and italicized.   

 
Water 
only B. 

 GF / WL 

 
 
 
 
 

 
GF / GF 

 
Shoot 
Height 

Leaf 
Length 

Leaf 
Width 

Root 
Length  

Root 
Branching 

Seed 
Mass 

Biomass Bolt 
Height  

Shoot Height x 0.44 0.57 0.38 0.04 0.12 -0.06 -0.44 

Leaf Length 0.39 x 0.83* 0.62* 0.42 -0.30 -0.11 0.04 

Leaf Width 0.19 0.75* x 0.59* 0.39 -0.34 -0.23 -0.34 

Root Length -0.02 -0.04 0.19 x 0.69* -0.15 0.35 0.33 

Root Branching -0.15 0.06 0.40 0.68* x -0.51 0.00 0.23 

Seed Mass 0.06 0.45 0.01 -0.02 -0.28 x 0.71* 0.48 

Biomass -0.33 0.09 -0.23 0.28 0.00 0.54 x 0.83* 
Bolt Height 0.07 0.32 -0.15 0.16 -0.13 0.36 0.77* x 
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Table B1 (continued). Six tables of Pearson’s correlations for seedling and adult traits in water control (A & B), parental 
demethylation (C & D), and progeny demethylation (E & F) treatments. Environmental treatment combinations of white light (WL) 
and green filter (GF) across generations are listed above and below the diagonal (WL/WL, WL/GF, GF/WL, GF/GF). Seedling traits of 
shoot height, length and width of most recently emerged leaf, root length of longest root, and number of root branches are listed 
first, followed by adult traits of total seed biomass, above-ground dry biomass, and height of bolting stalk. Significant Pearson’s 
correlations (p<0.05) are listed with an asterisk (*), bolded, and italicized.   

 
Parental 
AZA C. 

 WL / WL 

 
 
 
 
 

 
GF / WL 

 
Shoot 
Height 

Leaf 
Length 

Leaf 
Width 

Root 
Length  

Root 
Branching 

Seed 
Mass 

Biomass Bolt 
Height  

Shoot Height x -0.17 0.31 0.11 -0.13 0.69 -0.30 -0.26 

Leaf Length 0.09 x -0.18 -0.04 -0.19 -0.70 0.13 0.25 

Leaf Width 0.41 0.51 x 0.29 -0.01 0.77* 0.47 0.12 

Root Length -0.20 0.31 0.11 x 0.30 -0.56 0.54 -0.57 

Root Branching -0.26 0.38 0.40 0.29 x -0.38 0.02 -0.52 

Seed Mass 0.57 -0.15 -0.10 -0.35 -0.90* x 0.11 0.33 

Biomass 0.58 0.06 0.08 -0.29 -0.75 0.92* x 0.05 
Bolt Height 0.23 0.13 0.24 0.35 -0.33 0.51 0.23 x 

 

  



 

 

155 

Table B1 (continued). Six tables of Pearson’s correlations for seedling and adult traits in water control (A & B), parental 
demethylation (C & D), and progeny demethylation (E & F) treatments. Environmental treatment combinations of white light (WL) 
and green filter (GF) across generations are listed above and below the diagonal (WL/WL, WL/GF, GF/WL, GF/GF). Seedling traits of 
shoot height, length and width of most recently emerged leaf, root length of longest root, and number of root branches are listed 
first, followed by adult traits of total seed biomass, above-ground dry biomass, and height of bolting stalk. Significant Pearson’s 
correlations (p<0.05) are listed with an asterisk (*), bolded, and italicized.   

 
Parental 
AZA D. 

 WL / GF 

 
 
 
 
 

 
GF / GF 

 
Shoot 
Height 

Leaf 
Length 

Leaf 
Width 

Root 
Length  

Root 
Branching 

Seed 
Mass 

Biomass Bolt 
Height  

Shoot Height x -0.33 -0.35 0.32 -0.15 0.15 0.52 0.07 

Leaf Length 0.28 x -0.23 0.14 -0.19 0.31 0.32 0.6 

Leaf Width 0.24 0.91* x -0.47 0.05 -0.4 -0.31 -0.39 

Root Length 0.31 -0.13 -0.31 x -0.19 0.11 0.29 0.6 

Root Branching 0.15 0.04 -0.03 0.67* x 0.25 -0.53 -0.39 

Seed Mass 0.46 -0.50 -0.52 0.19 0.32 x 0.55 0.22 

Biomass 0.79 -0.29 -0.36 0.50 0.58 0.74 x 0.48 

Bolt Height 0.92* -0.14 -0.28 0.67 0.79 0.49 0.92* x 
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Table B1 (continued). Six tables of Pearson’s correlations for seedling and adult traits in water control (A & B), parental 
demethylation (C & D), and progeny demethylation (E & F) treatments. Environmental treatment combinations of white light (WL) 
and green filter (GF) across generations are listed above and below the diagonal (WL/WL, WL/GF, GF/WL, GF/GF). Seedling traits of 
shoot height, length and width of most recently emerged leaf, root length of longest root, and number of root branches are listed 
first, followed by adult traits of total seed biomass, above-ground dry biomass, and height of bolting stalk. Significant Pearson’s 
correlations (p<0.05) are listed with an asterisk (*), bolded, and italicized.   

 
Progeny 
AZA E. 

 WL / WL 

 
 
 
 
 

 
GF / WL 

 
Shoot 
Height 

Leaf 
Length 

Leaf 
Width 

Root 
Length  

Root 
Branching 

Seed 
Mass 

Biomass Bolt 
Height  

Shoot Height x -0.01 -0.32 -0.15 0.01 0.55 0.10 -0.57 

Leaf Length -0.09 x 0.22 0.30 0.54* 0.39 -0.53 -0.52 

Leaf Width -0.26 0.26 x 0.21 0.22 -0.87* -0.22 0.12 

Root Length 0.08 0.55* 0.21 x 0.55* -0.24 -0.16 -0.61 

Root Branching -0.08 0.52* 0.09 0.82* x -0.42 -0.16 -0.56 

Seed Mass 0.18 -0.28 -0.06 -0.71 -0.39 x 0.22 -0.01 

Biomass 0.71 -0.40 0.06 -0.19 -0.62 -0.14 x 0.20 

Bolt Height -0.09 -0.48 -0.34 -0.71 -0.45 0.46 0.00 x 
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Table B1 (continued). Six tables of Pearson’s correlations for seedling and adult traits in water control (A & B), parental 
demethylation (C & D), and progeny demethylation (E & F) treatments. Environmental treatment combinations of white light (WL) 
and green filter (GF) across generations are listed above and below the diagonal (WL/WL, WL/GF, GF/WL, GF/GF). Seedling traits of 
shoot height, length and width of most recently emerged leaf, root length of longest root, and number of root branches are listed 
first, followed by adult traits of total seed biomass, above-ground dry biomass, and height of bolting stalk. Significant Pearson’s 
correlations (p<0.05) are listed with an asterisk (*), bolded, and italicized.   

 
Progeny 
AZA F. 

 WL / GF 

 
 
 
 
 

 
GF / GF 

 
Shoot 
Height 

Leaf 
Length 

Leaf 
Width 

Root 
Length  

Root 
Branching 

Seed 
Mass 

Biomass Bolt 
Height  

Shoot Height x 0.69* 0.50 -0.62* -0.59* 0.24 -0.55 -0.30 

Leaf Length 0.11 x 0.84* -0.09 -0.23 -0.13 -0.44 -0.04 

Leaf Width 0.25 0.78* x 0.11 0.13 -0.13 -0.38 0.23 

Root Length 0.37 0.25 0.38 x 0.62* -0.40 0.09 0.22 

Root Branching 0.26 -0.16 0.11 0.43 x -0.13 0.28 0.47 

Seed Mass -0.09 0.15 -0.08 -0.17 -0.42 x -0.05 -0.03 

Biomass 0.02 0.54 0.54 -0.11 -0.48 -0.25 x 0.79* 
Bolt Height 0.08 0.29 -0.02 -0.08 -0.22 0.74* -0.21 x 
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Figure B2. Regressions of adaptive plasticity of seedling root length, adult bolting 
height, and adult above-ground biomass on relative fitness. From top to bottom: water 
only (Control), parental demethylation (Parental AZA), and offspring demethylation 
(Progeny AZA) are the vertical columns from left to right, respectively. Significant R2 
values are bolded with the following p-values: *<0.05, **<0.001. 
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Appendix C. Plasticity within and across generations in 
response to simulated neighbors is controlled by both 
parent and progeny DNA methylation: Supplement. 
 
 

Table C1. Simulated seasonal growing conditions. 

Simulated month Temp high (ºC) Temp low (ºC) Day length (hrs) 
October 17 5 11 
November 14 5 10 
December 12 4 9 
January 10 4 10.5 
February 13 5 11 
March 18 6 12 
April 21 10 13 
May 26 15 14 
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Table C2. Full ANOVA results of GLM for phenotypes. 

 
Factor 

Bolting 
Stalks 

Bolt 
Height   

Leaf 
Number 

LR Chisq Df LR Chisq Df LR Chisq Df 

Geno 16.57*** 3 67.96*** 3 162.29*** 3 
Maternal Demethylation 7.39** 1 8.02** 1 0.25 1 
Progeny Env 30.42*** 1 86.81*** 1 43.87*** 1 
Progeny Demethylation 0.1 1 0.01 1 12.84*** 1 
Geno x Maternal Demethylation 14.98*** 3 17.43** 3 73.88*** 3 
Geno x Progeny Env 3.09 3 40.77*** 3 168.94*** 3 
Maternal Demethylation x 
Progeny Env 

0.62 1 0.23 1 3.23 1 

Geno x Progeny Demethylation 5.06 3 7.46 3 7.4 3 
Maternal Demethylation x 
Progeny Demethylation 

1.05 1 7* 1 12.6** 1 

Progeny Env x Progeny 
Demethylation 

2.48 1 6.2* 1 0.12 1 

Geno x Maternal Demethylation x 
Progeny Env 

11.33* 3 4.94 3 26.71*** 3 

Geno x Maternal Demethylation x 
Progeny Demethylation 

2.64 3 75.81*** 3 54.95*** 3 

Geno x Progeny Env x Progeny 
Demethylation 

9.68* 3 33.84*** 3 4.48 3 

Maternal Demethylation x 
Progeny Env x Progeny 
Demethylation 

0 1 2.82 1 0.33 1 

Geno x Maternal Demethylation x 
Progeny Env x Progeny 
Demethylation 

2.97 3 8.54 3 38.1*** 3 
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Table C3. List of genotypes used in dissertation experiments. Seeds of three natural 
accessions and four tDNA insertion mutants were originally ordered from the 
Arabidopsis Biological Resource Center of the Ohio State University; their ABRC stock 
numbers are listed. One genotype was locally collected (Cats). 

Genotype ABRC stock number 
Cats N/A   
Col  CS22625 
Cvi-0 CS1096 
Cvi-1 CS28199 
cmt3 CS16392 
kyp CS16385 
met1 CS16394 
vim1 CS24737 
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Figure C1. Trait regressions of adaptive plasticity of bolt height, number of bolting 
stalks, and leaf number at reproduction on relative fitness. From top to bottom. The 
top half represents water only control and parental demethylation only (Mat AZA) 
while the bottom half represents progeny demethylation only (Prog AZA) and both 
maternal and progeny demethylation (Mat+Prog AZA). The left panel represents alone 
while the right panel represents neighbor treatment under each combination of 
demethylation treatments. The key below demonstrates the colors signifying each 
genotype. Significant R2 values are demonstrated with the following p-values: *<0.05, 
**<0.001. 
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