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Summary of dissertation research 

 During my dissertation, I pursued a three-pronged approach to 

characterize the consequences of plant genome evolution. Genomes are 

sculpted by the combined influences of mutation, selection, and genetic drift. 

As a result of these processes, genome size, as well as the overall 

architecture of genomes, is constantly fluctuating. A species’ genomic 

architecture can impact what types of genetic variants give rise to phenotypic 

variation and may even influence the ability of a species to adapt to new 

environments.  

 Transposable elements (TEs) are a major source of variation in 

genome architecture and the fast evolution of these elements can swiftly alter 

a species’ epigenetic landscape as a result of their tightly linked epigenetic 

marks, including DNA methylation. The first aim was to characterize the 

contribution of DNA methylation to variation in transcriptional levels, a 

molecular phenotype that is perturbed by the close proximity of methylated 

TEs. Using a comparative genomics approach, I found that interspecific 

variation in DNA methylation is driven by the lineage-specific evolution of 

underlying TE sequences and that, as a result, any transcriptional 

consequences do not persist over the long term.  

 At any particular point in time, a species will contain a suite of 

deleterious mutations in the process of elimination from the population and 

mutation-selection balance will dictate the rate at which this occurs. Whole-

genome complementation of these mutations by outbreeding is hypothesized 

to give rise to hybrid vigor, also known as heterosis. Using a large collection 

of first generation hybrids, I characterized the genetic architecture of vigorous 

hybrid phenotypes to estimate the contribution of deleterious mutations to 

phenotypic variation. I found that processes other than mutation-selection 

balance, either genetic bottlenecks or adaptive processes, also give rise to 

the variants underlying hybrid phenotypes.  

Finally, I sought to understand the species-wide frequency and 

underlying genetic basis of intraspecific genetic barriers that arise as a 

byproduct of genome evolution. The relative contribution of stochastic versus 

adaptive processes to hybrid dysfunction, an irreversible step towards 
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speciation, is unknown. I surveyed the species-wide rate of segregation 

distortion, a molecular signature of hybrid dysfunction, using a large set of 

genetically diverse F2 populations. Distorted loci were uncovered in 12-24% of 

segregating populations, an indication that the biased transmission of alleles 

is not a one-off genetic anomaly, but may contribute substantially to the 

formation of genetic barriers.  
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Zusammenfassung der Dissertationsarbeit 

Die vorliegende Dissertationsarbeit hatte als Ziel die Charakterisierung 

der genomischen und phänotypischen Auswirkungen der pflanzlichen 

Genomevolution und ist unterteilt in drei getrennte, ineinander greifende 

Ansätze. Das Pflanzengenom unterliegt den Einflüssen von Mutation, 

Selektion und Gendrift. Dadurch sind die Größe und Gesamtarchitektur des 

Genoms in konstantem Fluss. Die Genomarchitektur einer Spezies kann 

bestimmend dafür sein, welche genetischen Varianten zu einer 

phänotypischen Ausprägung führen; sie kann sogar die Fähigkeit der Spezies 

beeinflussen, sich an veränderte Umweltbedingungen anzupassen. 

Eine hautpsächliche Quelle für Variationen in der Genomarchitektur 

sind Transposons, mobile genetische Elemente, die auch als „springende 

Gene“ bezeichnet werden. Transposons sind mit epigenetischen Markern 

verknüpft, daher kann die schnelle Evolution dieser genetischen Elemente 

auch zu beschleunigter Veränderung der epigenetischen Umgebung führen, 

inklusive Veränderungen der DNA Methylierung. Dies wiederum kann einen 

molekularen Phänotyp nach sich ziehen, indem die Transposon-Methylierung 

einen Effekt auf die Expression von Genen in direkter Nachbarschaft zum 

Transposon ausübt. Das erste Ziel der vorliegenden Arbeit war es daher, den 

Einfluss der DNA Methylierung auf die Variation der Transkriptmenge zu 

charakterisieren. Ein vergleichender genomischer Ansatz ergab, dass 

interspezifische Variation der DNA Methylierung ihren Ursprung in der 

artspezifischen Evolution von Transposonsequenzen hat, und somit 

transposonbedingte transkriptionelle Effekte nicht über Arten hinweg 

bestehen bleiben. 

Eine Spezies beinhaltet zu jedem Zeitpunkt eine Reihe von 

schädlichen („deleterious“) Mutationen, die dabei sind, aus der Population zu 

verschwinden. Die Rate, mit der dies geschieht, wird bestimmt durch das 

sogenannte Mutations-Selektions-Gleichgewicht („mutation-selection 

balance“), bei dem die Entstehung neuer und das Verschwinden bestehender 

schädlicher Mutationen sich in ihrer Häufigkeit aufheben. Es wird vermutet, 

dass Heterosis-Effekte aus der Komplementierung dieser Mutationen durch 

Auskreuzen entstehen. In der vorliegenden Arbeit wurde, unter Zuhilfenahme 
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einer ausgedehnten Sammlung an Hybriden der ersten Generation (F1), der 

Beitrag schädlicher Mutationen zur phänotypischen Variation untersucht. Es 

wurde fest gestellt, dass andere Prozesse als das Mutations-Selektions-

Gleichgewicht – entweder ein genetischer Flaschenhals („genetic bottleneck“) 

oder adaptive Prozesse – zur Entstehung von Varianten beitragen, die dem 

Heterosis-Effekt zugrunde liegen. 

Als abschließenden Aspekt untersuchte die vorliegende Arbeit die 

genetischen Grundlagen und die Häufigkeit intraspezifischer Barrieren. Diese 

können als Nebenprodukt der Genomevolution auftreten. Die Dysfunktion von 

Hybriden ist ein irreversibler Schritt während der Artbildung; der relative 

Beitrag stochastischer versus adaptiver Prozesse hierbei ist jedoch 

unbekannt. In meiner Dissertation untersuchte ich die spezies-weite Rate von 

Genomkonflikten („segregration distortions“) anhand genetisch 

unterschiedlicher F2 Populationen. Solche Genomkonflikte sind eine 

molekulare Signatur für Hybrid-Dysfunktionen. In 12-24% der segregierenden 

Populationen konnten entsprechende genomische Loci gefunden werden, ein 

Hinweis darauf, dass die ungleiche Weitergabe der Allele keine seltene 

genetische Anomalie darstellt, sondern im Gegenteil substantiell zur 

Entstehung genetischer Barrieren beiträgt.  
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1. Introduction  

 A species’ genomic architecture is shaped by the sum of multiple 

evolutionary processes, including mutation, selection, and genetic drift. 

Genome architecture, or the placement of genetic elements onto a genome, 

refers to a number of characteristics, including genome size, karyotype, and 

genome organization, for example, gene order and gene density (reviewed in 

[1]). Plant genomes are particularly pliable. Although gene number is relatively 

stable across millions of years of evolution, the genome size and 

chromosome number of plant species ranges over 2,000-fold and 300-fold, 

respectively [2-4]. This is in contrast to mammalian genomes, whose size only 

varies 5-fold [5]. This vast range of genome sizes is thought mostly to result 

from ancient polyploidy events, however these events are not sufficient to 

explain the magnitude of observed variability and other processes, such as 

mutation, recombination, and genetic drift, also contribute to rapid shifts in 

genome architecture (reviewed in [1, 6, 7]). In this introduction, I will discuss 

the forces that shape genome architecture, together with their associated 

consequences, and by doing so I hope to unite the three veins of research 

pursued during my dissertation work.  

 

Mutational processes lead to variation in genome architecture 

 Whole genome duplication, or polyploidy, can quickly induce genome 

size variation, as these events increase an organism’s DNA content by two-

fold in only a single generation. Polyploidy is extremely common in plant 

species and 60-70% percent of modern species originate from polyploid 

ancestors [7-10] (reviewed in [11]). It is thought that such events allow 

organisms to adapt extremely rapidly, particularly in the face of a rapidly 

changing environment [12] (reviewed in [11, 13, 14]). Despite the frequency of 

polyploidy events and their adaptive potential, there are consequences 

associated with genome duplication, specifically meiotic dysfunction, that can 

lead to inviability and sterility [15, 16]. Typically, perhaps as a result of those 

costs, the polyploid genome set quickly erodes to functional diploidy. Mirroring 

that observation, there are only four ancient whole-genome duplication events 
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whose remnants are preserved in modern plant genomes [17-19]. Despite the 

obvious contribution of polyploidy to rapid genome size shifts, these whole-

genome duplications quickly decay and additional genetic processes must be 

invoked to sufficiently explain the immense variation in genome architecture 

observed in plant genomes. 

 Mutational processes, including error-prone replication, aberrant 

recombination, and transposon proliferation, also contribute substantially to 

genome architecture variation. DNA polymerase slippage during replication 

can result in rapid expansion and contraction of simple satellite repeats 

(reviewed in [20]), and although its contribution to genome size expansion is 

relatively minor, repeat variation provides a template for secondary mutagenic 

events, primarily aberrant recombination (reviewed in [20]). Recombination is 

a critical evolutionary process whose benefits are two-fold. First, 

recombination ensures faithful segregation of genetic material into gametes 

and, second, it facilitates the shuffling of genetic material to prevent a species’ 

evolutionary stagnation. All biological processes are imperfect, and 

recombination errors, including unequal crossing over, intrastrand crossing 

over, or non-homologous recombination, can lead to gene duplication or gene 

loss, repeat expansion, inversions, and translocations (reviewed in [1]). When 

double stranded breaks, the cellular signal to initiate recombination events, 

are not repaired, massive chromosomal changes can result. The cell’s 

response to such events is to repair the break at any cost via the non-

homologous end joining (NHEJ) pathway (reviewed in [20]). This pathway will 

join any free DNA ends and can result in chromosome fusion, breakage, or 

even loss. All types of recombination-driven genomic rearrangements occur 

frequently, particularly in complex genomic regions such as at repetitive or 

duplicated sequences (reviewed in [1]). In support of this, there are a number 

of large-scale rearrangements in the Brassicaceae, a family consisting of 

3,600 member species [21] that vary substantially in both karyotype and 

genome size [22], and in situ hybridization experiments in multiple family 

members have shown that rearrangement breakpoints are enriched near 

repetitive sequences [23, 24].  

 Transposable elements (TEs) are likely the largest contributor to 

genome size variation [25]; not only do TEs proliferate rapidly, but they also 
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provide an enormous genomic target for illicit recombination. Transposons are 

insertional mutagens that selfishly propagate themselves via two major 

mechanisms (reviewed in [26]). Retrotransposons, or Class I elements, 

multiple via a “copy-and-paste” mechanism and, as a result, are able to 

rapidly proliferate. This class of transposons is the most common in plant 

genomes, comprising 7 to 75% of of their total length [25]. Class II elements, 

consisting of DNA transposons, mobilize using a “cut-and-paste” mechanism. 

While these events unlikely lead to rapid expansion of repeated sequences, 

they are often mutagenic, as excision is imperfect, and they can also carry 

short stretches of flanking host DNA to their new location (reviewed in [26]). 

The final category of TEs, helitrons, replicate using rolling circle amplification 

and, similar to retrotransposons, their copy number increases with each 

transposition event (reviewed in [26]). Although these latter categories of TEs 

are not as successful as retrotransposons, they can comprise up to 5% of 

plant genomes [25], which in some cases is equivalent to the protein coding 

sequence content [25].  

 

Selection shapes genome architecture 

 Not only is recombination mutagenic, but recombination rates also 

mediate the effects of selection and together they shape the evolutionary fate 

of new mutations. As a result, genomes should be organized along 

recombinational gradients, with highly recombining regions enriched in 

functional elements (reviewed in [1]). This correlation seems to hold true in a 

number of genomes with a few exceptions, notably in maize telomeres where 

recombination is high but gene density is very low [27]. One expectation of 

this observation is that non-recombining regions should be enriched for 

mutagenic events, as selection cannot effectively act in these regions [28-30] 

(reviewed in [1]). This phenomenon, known as Muller’s ratchet, typically 

describes asexual organisms, where, in the absence of recombination, 

deleterious mutations cannot be purged from the population [30]. However, it 

also holds true in non-recombining regions of sexual species, as these 

regions are effectively asexual. The enrichment of mutations in non-
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recombining regions has been demonstrated for a number of species [31-34], 

and the accumulation of such sites has important implications for fitness. 

 Selection, via recombination, can drastically alter genome organization, 

in particular, it has a profound effect on the distribution of sequences found in 

eu- and heterochromatin (reviewed in [1]). In plant genomes, the majority of 

TEs are localized in heterochromatic sequences, mainly centromeric and 

pericentromeric regions [35-39]. While this could be the result of biased 

insertion [40-42], there is evidence that modern TE insertions are 

preferentially purged from euchromatin as they may have deleterious effects 

[32, 43-46]. In heterochromatic regions, not only are TEs less likely to be 

deleterious as there is a paucity of genes in these regions, but they cannot be 

effectively purged from the genome due to the lack of recombination 

(reviewed in [1]). Many genomes are organized in this fashion, with TEs 

enriched in non-recombining, gene sparse, heterochromatic regions, but there 

are exceptions. Recent bursts of transposition can alter this landscape [46], 

however, there is evidence that euchromatic enrichment of TEs will decay 

over time [32, 43-46]. This has been shown for long terminal repeat (LTR) 

retrotransposons, as the time of their insertion can be estimated from the 

accumulation of mutations in their paired terminal repeats [46, 47]. Older 

insertions are typically located in heterochromatic regions, while new 

insertions are also found in euchromatin, suggesting that new events are 

purged over time [48].  

The mutagenic potential of TEs is not restricted to the disruption of 

genic sequences, but epigenetic marks associated with TEs can also have 

deleterious effects. Hosts deploy DNA methylation and other silencing 

epigenetic marks to mitigate TE proliferation (reviewed in [49, 50]). These 

marks can effectively silence transcription of TEs, but there are often 

unintended transcriptional consequences for flanking endogenous host genes. 

In many plant species, methylated TEs dampen the expression of neighboring 

genes and the potency of this effect decays with increased physical distance 

between the two elements [51, 52]. In support of their deleterious effect, TEs 

located near genes are often found at low frequencies in populations and 

signatures of purifying selection have been linked to these sequences [48]. 
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The contribution of genetic drift to genome architecture  

 The impact of genetic drift on a population is dependent on its effective 

population size, Ne. Ne refers to the size of a population that would experience 

drift at the same rate as the observed population. In an ideal population, and 

in the absence of selection, once a mutation has reached intermediate 

frequency, it should have an equal probability of fixation or loss. Demographic 

factors, including population bottlenecks, as in humans, or shifts to 

inbreeding, as in many plant species, can increase the impact of genetic drift 

in populations, and new mutations may not be purged from the population as 

quickly as expected, especially if they are nearly neutral (reviewed in [53]). 

 Genetic drift may play an important role in shaping the variation in 

genome size and architecture observed between prokaryotes and multicellular 

eukaryotes [54-56] (reviewed in [57]). Prokaryotic and viral genomes are 

typically small in size and comprised primarily of coding and regulatory 

sequences [54, 58]. These genomes contain few introns and non-regulatory 

intergenic sequences. Because these species have enormous effective 

populations sizes, usually greater than 107, any non-essential sequences are 

quickly purged from the genome, as the maintenance of such sequences has 

an energetic cost [54-56] (reviewed in [57]). This will continue as long as the 

strength of purifying selection acting on these sequences is less than 1/Ne 

(reviewed in [57]). As one moves into eukaryotes, Ne decreases which 

concomitantly increases the effect of genetic drift, enabling sequences with 

slightly deleterious effects to be maintained in the genome [54, 55]. Although 

eukaryotic genomes vary in their non-essential sequence content, there is 

certainly a trend for an increased number of introns per gene, and longer 

intergenic regions as Ne decreases [54, 55] (reviewed in [57]). Unicellular 

eukaryotes with large-effective population sizes typically have only a single 

intron, while humans have an average of seven introns per gene and a much 

smaller Ne [59]. The correlation of effective population size with exon-intron 

structure and non-essential sequence content is intriguing and it is likely that 

genetic drift played a role in shaping these genomic features. 

 Not only does genetic drift contribute to genome organization, but the 

severity of drift can have important consequences for the mode of selection 
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experienced by a population (reviewed in [60]). Evolutionary biologists have 

long been interested in the relative contribution of various modes of selection 

to phenotypic variation as well as their respective genomic footprints. There is 

particular interest in dissecting phenotypic variation into that caused by 

genetic drift, or mutation-selection balance, versus adaptive evolution, either 

directional or balancing selection. While there are empirical examples in 

support of both cases, the general influence of each is still unknown (reviewed 

in [60]). However, as more genomic data becomes available, it is apparent 

that demography heavily influences the contribution of each factor to 

phenotype. Species with large effective populations sizes, such as Drosophila 

melanogaster, evolve primarily under adaptive forces. In support of this, 40-

90% of amino acid substitutions in this species are estimated to be adaptive 

[61, 62]. In contrast, phenotypic variation in small, or inbreeding, populations 

is driven predominantly by genetic drift as weakly deleterious mutations are 

permitted to accumulate in these scenarios. In humans, which have 

experienced a recent population bottleneck, only 10% of amino acid 

substitutions are predicted to be adaptive and a number of human diseases 

are the result of low frequency, harmful mutations [63, 64]. Genetic drift can 

dictate the evolutionary trajectory of a species, and its consequences are 

evident at many levels of genomic organization. 

 

Speciation: a consequence of mutation, selection, and genetic drift 

 All of the evolutionary forces that I’ve discussed above - mutation, 

selection, and genetic drift - have been shown to cause hybrid dysfunction, an 

important step on the path toward speciation (reviewed in [65]). While 

speciation was traditionally thought to occur through adaptation to specific 

ecological niches [66], recent work has shown that the first steps in speciation 

may not be adaptive and there are a number of routes to hybrid dysfunction 

(reviewed in [65]). Mutational events, including gene duplication, followed by 

reciprocal loss of duplicates in independent lineages, can lead to the absence 

of either copy in subsequent progeny [67-69]. These events are facilitated by 

polyploidy, which can also lead to chromosomal fusion and translocations, 

another source of hybrid dysfunction [70, 71]. Relaxed selection and the 
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accumulation of mutations, due to mutation-selection balance, can also result 

in incompatible interactions and hybrid dysfunction [72-74]. Finally, selective 

forces can drive rapid evolution of particular sequences leading to functional 

divergence of interacting proteins. This can occur as a result of the host-

pathogen arms race, where host proteins are subject to bouts of directional 

selection, or the molecular arms race occurring within genomes between 

selfish DNA and the host (reviewed in [65]). There are a number of examples 

of both. In plants, incompatible combinations of disease-resistance proteins, 

which identify and neutralize foreign, pathogen-injected proteins, result in 

hybrid dysfunction and these proteins display signatures of fast evolution [75-

77]. In Drosophila melanogaster, a system where speciation is well studied, 

interspecific crossing perturbs the coevolution between selfish elements and 

their host which releases the element from its suppressed state and results in 

hybrid dysfunction and lethality [78, 79]. The evolutionary forces that give rise 

to variation in genomic architecture can have unintended consequences and 

may be the initial phase in the divergence between species.  

 

2. Objectives of doctoral research  

 During the course of my dissertation research I’ve sought to 

understand the forces that shape genome architecture, together with their 

genomic and phenotypic consequences, in three independent research 

avenues.  

 

I. Interspecific TE proliferation and comparative epigenomics 

First, I used a comparative approach to examine the impact of TE 

proliferation on the (epi)-genomic landscape in three closely related 

Brassicaceae species. Evolutionary comparisons are especially insightful 

because they determine which biological phenomenon are important over 

time. Epigenetic marks, such as DNA methylation, are tightly linked to TEs 

and interest in the contribution of such marks to phenotypic variation has 

grown in recent years. TE-linked methylation can spread into nearby regions, 
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perturbing the expression of endogenous host genes [51, 52]. Despite 

empirical evidence for this phenomenon, the magnitude of the contribution of 

DNA methylation to gene expression variation, as well as the duration of such 

changes, is largely unknown. To examine the role of DNA methylation in 

generating long-term, stable phenotypic variation, I leveraged the power of 

comparative genomics. In all species, TEs are enriched in heterochromatic 

regions, but these sequences are so rapidly evolving that there is little 

conservation of TEs at the sequence level. Similarly, silencing epigenetic 

marks linked to TEs are also not conserved across lineages. One study 

species, Arabidopsis lyrata, has experienced a recent burst of TEs and 

invasion of modern TEs into euchromatic [46] has markedly altered the 

distribution of epigenomic marks in this species. In summary, rapid TE 

proliferation and turnover has shaped the genome architecture of these 

species and modern TE invasions are able to swiftly transform the epigenetic 

environment. 

The genomic resources available in non-model systems, including 

Arabidopsis lyrata and Capsella rubella, are often not on par with resource-

rich model systems, such as Arabidopsis thaliana. As a complement to this 

comparative genomics study, the A. lyrata transcriptional data was leveraged 

to improve upon the first version of this species’ annotation. The upgraded 

annotation increases the number of protein coding gene models, resolves 

chimeric or incomplete gene models, and also locates miRNA and tRNA 

encoding genes. Continual improvement of these genomic resources is 

necessary to ensure that any associated analyses are of high quality.  

 

II. The contribution of mutation-selection balance to hybrid phenotypes  

 Next, I sought to understand the contribution of mutation-selection 

balance to intraspecific phenotypic variation using a large collection of 

Arabidopsis thaliana F1 hybrids as a study system [77]. Inbreeding individuals 

taken from natural outbreeding populations for one or more generations will 

homozygose weakly deleterious, recessive mutations and give rise to inferior 

progeny, a phenomenon known as inbreeding depression (reviewed in [80]). 

Naturally inbreeding plant species, such as A. thaliana, have likely purged 



	 20	

many of these alleles during the shift to an alternative mating system, but this 

process is imperfect, especially in regions of low recombination (reviewed in 

[80]). The opposite of inbreeding depression, known as heterosis or hybrid 

vigor, occurs upon intercrossing and is thought to be due to complementation 

of deleterious alleles [81-83]. However, it has been argued that adaptive 

processes, such as heterozygote advantage, may be driving this phenomenon 

[84, 85]. To understand the relative contribution of each process to vigorous 

hybrid phenotypes, I performed a genome-wide association mapping study in 

a genetically diverse set of hybrids and identified loci with both classical 

dominant and overdominant effects on hybrid phenotypes. That loci with 

considerable effect sizes were mapped does not rule out the possibility that 

many undetected, recessive mutations also underlie hybrid phenotypes. 

However, it does indicate that either large-effect deleterious mutations 

survived the demographic bottleneck induced by the shift to inbreeding or that 

single loci displaying heterozygote advantage are involved, suggesting a role 

for adaptive processes in generating vigorous hybrid phenotypes.  

 

III. Intraspecific allelic distortion and the molecular arms race 

 Both inter- and intraspecific hybrid dysfunction has been documented 

in a number of systems and such events are important for both the initiation 

and maintenance of reproductive isolation (reviewed in [65]). Previous work 

has shown that hybrid dysfunction can arise from a number of biological 

processes, many of which are the byproducts of genome evolution (reviewed 

in [65]). Despite these examples, a clear understanding of the frequency of 

hybrid dysfunction and the relative contribution of each process is lacking. 

One molecular signal of hybrid dysfunction is allelic distortion in segregating 

populations. I characterized the frequency of this bias, known as segregation 

distortion, in over 500 segregating F2 populations of Arabidopsis thaliana in 

order to gain insight into the biological processes driving hybrid dysfunction. 

Segregation distortion is common in A. thaliana, with 12-24% of surveyed 

populations exhibiting significant distortion in at least one genomic region. 

While molecular characterization of causal loci is ongoing, this survey 
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provides the first species-wide characterization of segregating genetic 

barriers. 
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Abstract 

DNA methylation is an ancient molecular modification found in most 

eukaryotes. In plants, DNA methylation is not only critical for transcriptionally 

silencing transposons, but can also affect phenotype by altering expression of 

protein coding genes. The extent of its contribution to phenotypic diversity 

over evolutionary time is, however, unclear, because of limited stability of 

epialleles that are not linked to DNA mutations. To dissect the relative 

contribution of DNA methylation to transposon surveillance and host gene 

regulation, we leveraged information from three species in the Brassicaceae 

that vary in genome architecture, Capsella rubella, Arabidopsis lyrata, 

and Arabidopsis thaliana. We found that the lineage-specific expansion and 

contraction of transposon and repeat sequences is the main driver of 

interspecific differences in DNA methylation. The most heavily methylated 

portions of the genome are thus not conserved at the sequence level. Outside 

of repeat-associated methylation, there is a surprising degree of conservation 

in methylation at single nucleotides located in gene bodies. Finally, dynamic 

DNA methylation is affected more by tissue type than by environmental 

differences in all species, but these responses are not conserved. The 

majority of DNA methylation variation between species resides in 

hypervariable genomic regions, and thus, in the context of macroevolution, is 

of limited phenotypic consequence. 
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DNA methylation is an ancient molecular modification found in most eukaryotes. In plants, DNA methylation is not only
critical for transcriptionally silencing transposons, but can also affect phenotype by altering expression of protein coding
genes. The extent of its contribution to phenotypic diversity over evolutionary time is, however, unclear, because of limited
stability of epialleles that are not linked to DNA mutations. To dissect the relative contribution of DNA methylation to
transposon surveillance and host gene regulation, we leveraged information from three species in the Brassicaceae that vary
in genome architecture, Capsella rubella, Arabidopsis lyrata, and Arabidopsis thaliana. We found that the lineage-specific
expansion and contraction of transposon and repeat sequences is the main driver of interspecific differences in DNA
methylation. The most heavily methylated portions of the genome are thus not conserved at the sequence level. Outside of
repeat-associated methylation, there is a surprising degree of conservation in methylation at single nucleotides located in
gene bodies. Finally, dynamic DNA methylation is affected more by tissue type than by environmental differences in all
species, but these responses are not conserved. The majority of DNA methylation variation between species resides in
hypervariable genomic regions, and thus, in the context of macroevolution, is of limited phenotypic consequence.
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Introduction

Cytosine methylation is a heritable epigenetic modification found
in the genomes of organisms spanning the eukaryotic phylogeny
[1,2,3,4]. It occurs in three nucleotide contexts, CG, CHG, or CHH
(where H is any nucleotide except G) [5], and is enriched in the
repeat rich heterochromatic regions of genomes, in nucleosome
linkers, and at CG sites in the exon sequences of genes (gene body
methylation) [4,6,7,8,9,10,11]. Repeat-localized DNA methylation
plays a role in transposon silencing [12,13], but the direct
relationship between transcription of protein coding genes and
DNA methylation remains unclear. In contrast to repeat methyl-
ation, gene body methylation is associated with moderately
transcribed sequences [6,7,14,15,16], and has been proposed to
stabilize gene expression levels by excluding H2A.Z [17]. Never-
theless, DNA methylation can vary between tissues and environ-
ments [18,19,20], and in a handful of cases changes in methylation
state contribute to heritable phenotypic variation, although the
majority have been linked to structural differences near the affected
genes [21,22,23,24,25,26,27]. These observations suggest that DNA
methylation may regulate developmental processes and that it could
potentiate phenotypic variation during evolution.

Unlike mutational processes acting on DNA sequences, our
understanding of the factors contributing to meiotically stable
variation in DNA methylation is in its infancy [28]. The different
molecular mechanisms governing DNA methylation constitute one
factor impacting stability and subsequent inheritance at symmetric
and asymmetric sites. In the plant Arabidopsis thaliana, initiation
and maintenance of methylation at CG and CHG sites is divided
primarily between DNA METHYLTRANSFERASE 1 (MET1)
and CHROMOMETHYLASE3 (CMT3) [29,30,31]. During
DNA replication these two enzymes copy symmetrically methyl-
ated cytosines onto the newly synthesized DNA strand using the
parental strand as a template [32,33]. Unlike symmetric cytosine
methylation, CHH methylation cannot be replicated from the
template strand [34]. Instead, methylation at newly synthesized
CHH sites is established after cell division by the RdDM RNA-
directed DNA methylation pathway through the concerted action
of small RNAs (sRNAs) produced from the methylated locus and
the de novo DNA methyltransferases DRM1/DRM2 (DOMAINS
REARRANGED METHYLTRANSFERASE1/2) [34,35,36,37].
In addition, RdDM-independent asymmetric DNA methylation
relies on DDM1 (DECREASE IN DNA METHYLATION1) and
CMT2 [38].
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The extent to which DNA methylation varies at individual sites
across generations, or the epimutation rate, has only recently been
characterized in isogenic plant lines [39,40]. Repeat-associated
methylation was remarkably stable over 30 generations, but some
variability arose outside of repeats in euchromatic sequence
[39,40]. Changes in DNA methylation accumulated non-linearly,
indicating that a subset of methylated sites is particularly prone to
spontaneous changes in methylation and, as a result, the absolute
DNA methylation differences quickly reach saturation [39,40].
Variation of methylation across generations has been linked to the
transgenerational cycling of transposon and repeats between
methylated and unmethylated states in the germline [41].

Armed with the knowledge of within-species epimutation rate,
the degree of epigenome stability over short evolutionary periods,
within a single species, for example, can be addressed [18]. Using
A. thaliana, intraspecific variation in methylation was surveyed in
140 geographically diverse accessions [18]. Most single site and
RdDM-derived regional epimutations were rare, occurring in only
a few of the 140 accessions [18]. The lack of intermediate
frequency epimutations in these categories is consistent with the
view that the vast majority of new methylation variants within a
species may only exist for brief periods during evolution. Not too
surprisingly, a significant subset of both rare and intermediate
frequency RdDM-derived regional epimutations were associated
with previously unknown structural variants [18]. Expansion and
contraction of repeat-associated sequences leads to intraspecific
structural variation; therefore, as a result of RdDM silencing, such
structural variants should be linked to methylation variation.

Over longer evolutionary periods, broad similarities in DNA
methylation are observed across a variety of genomic features.
Large-scale patterns of methylation are shared across flowering
plants, including extensive methylation of heterochromatic trans-
poson and repeat-associated sequences [6,7,8,9,10,11] likely due
to conservation of the RdDM machinery in plants. Over shorter
divergence times, similar levels of gene body methylation have
been observed at orthologous genes within the grasses [11,42].
Similarly, in vertebrates, where most of the CG sites in the genome

are methylated, absence of methylation at so-called CpG islands is
usually found in all species examined [43]. Regardless of organism,
the degree of DNA methylation conservation depends on both the
evolutionary time scale under consideration and on the genomic
feature of interest.

Here we compare at single base resolution DNA methylation in
three closely related Brassicaceae - Capsella rubella, Arabidopsis
lyrata, and Arabidopsis thaliana. These three species, which
diverged about 10 to 20 million years ago [44], vary in genome
size and architecture [45,46,47]. Both C. rubella and A. lyrata
have a Brassicaceae typical set of eight chromosomes, while A.
thaliana has only five chromosomes [48,49]. Both the A. lyrata
and C. rubella genomes are about 50% larger than that of A.
thaliana, but for very different reasons. Expansion of centromer-
ic, heterochromatic regions has enlarged the C. rubella genome,
but predominantly euchromatic regions have expanded in A.
lyrata, driven by insertions of transposable elements (TEs)
adjacent to genic sequences [46,47]. Reflecting these differences
in genome architecture, the reference genome assemblies
represent about 85% of the entire genome in A. lyrata, about
75% in A. thaliana, and about 60% in C. rubella (Table S1)
[46,47,50,51,52,53,54]. We show that the difference in genome
structure is a major factor influencing the evolution of DNA
methylation in these species. Furthermore, while overall DNA
methylation is similar between species at many sites, dynamic
DNA methylation responses between environments and tissues
are rarely conserved. Using a comparative framework we were
able to disentangle the contribution of genomic, environmental,
and developmental factors to DNA methylation variation
between species.

Results

Genome-wide distribution of DNA methylation
Using a factorial design, we subjected seedlings of the inbred

reference strains, A. thaliana Col-0, A. lyrata MN47, and C.
rubella MTE, to either a control or 23-hour cold treatment and
separately harvested root and shoot tissues. This design provides
the opportunity to determine conservation of DNA methylation as
well as dynamic changes between and within species. In addition
to extracting DNA for bisulfite-sequencing in duplicate, we also
extracted RNA in triplicate for RNA-seq.

Bisulfite-treated samples were sequenced to an average of 206
strand-specific coverage (Table S2). With this coverage, over
97.5% of the cytosines in the non-repetitive portion of the
reference genome of each species could be interrogated (99.5% for
C. rubella, 97.5% for A. lyrata, and 98.7% for A. thaliana). With a
minimum coverage of three, we confidently estimated methylation
rates at two thirds to three quarter of cytosines (62% for C. rubella,
65% for A. lyrata, and 75% for A. thaliana). Sites with significant
methylation levels were identified using a binomial test [39]. False
positive rates, determined from incomplete conversion of exoge-
nous unmethylated phage lambda DNA, were very low (Table S3).

Global patterns of DNA methylation in A. lyrata and C. rubella
are similar to those reported before for A. thaliana, with highest
levels in regions near the centromeres, which are populated by
TEs and repeats, but contain few genes [6,14,15] (Fig. 1). There is
little correlation between DNA methylation density and gene
expression at the 500 kb scale (Fig. 1). Centromeric regions are
plagued with TEs, and as expected, methylation is found
preferentially at sites annotated as residing in TEs (Fig. 2A).
Methylation at CHG and CHH sites, which account for over half
of methylated sites in all three species, occurs almost exclusively in
TEs (Fig. 2A).

Author Summary

DNA methylation is an epigenetic mark that has received a
great deal of attention in plants because it can be stably
transmitted across generations. However, the rate of DNA
methylation change, or epimutation, is greater than that of
DNA mutation. In addition, different from DNA sequence,
DNA methylation can vary within an individual in response
to developmental or environmental cues. Whether altered
characters can be passed on to the next generation via
directed modifications in DNA methylation is a question of
great interest. We have compared how DNA methylation
changes between species, tissues, and environments using
three closely related crucifers as examples. We found that
DNA methylation is different between roots and shoots
and changes with temperatures, but that such changes are
not conserved across species. Moreover, most of the
methylated sites are not conserved between species. This
suggests that DNA methylation may respond to immediate
fluctuations in the environment, but this response is not
retained over long evolutionary periods. Thus, in contrast
to transcriptional responses, conserved epigenetic re-
sponses at the level of DNA methylation are not
widespread. Instead, the patterns of DNA methylation
are largely determined by the evolution of genome
structure, and responsive loci are likely short-lived
accidents of this process.

Evolution of DNA Methylation Patterns in the Brassicaceae
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Methylation patterns in the three species reflect their genome
architecture. While we mapped a similar number of methylated
cytosines in A. thaliana and C. rubella, consistent with the almost
equal size of euchromatic sequences in both species, we identified
almost three times as many methylated cytosines in A. lyrata, even
though its reference genome assembly is only 50 to 75% longer
than that of the other two species. The larger number of
methylated cytosines in A. lyrata has led to an elevation in the
methylation rate at a number of genomic features (Fig. 2B). This
increase has only occurred at CHG and CHH sites, hallmarks of
RdDM at TEs, and is especially evident in introns, correlating
with the invasion of introns by TEs in this species (Fig. 2B, C).
Almost one third of intronic bases in A. lyrata overlap with a TE
or repeat, compared to fewer than 10% in the other two species
(Fig. 2C), with the expansion found for all TE classes (Fig. 2D).
Intron-inserted TEs are frequently found in non-expressed genes
(Fig. S1) and are associated with increased methylation in flanking
intronic and exonic sequences (Fig. S2), potentially due to
pseudogenization or incomplete annotation of repeats. However,
when a TE is inserted into the intron of an expressed gene, elevation
of CHG and CHH methylation of exon sequences is not evident
(Fig. S2, S3). Despite TE expansion in A. lyrata, the level of A. lyrata
gene body methylation is comparable to that of C. rubella, which
has few TEs in its introns (Fig. 2E). However, species-specific
differences in methylation patterns are evident in flanking UTR and
intergenic sequence (Fig. 2E). In these regions A. lyrata is the most
highly methylated in all contexts (Fig. 2E). Depending on context,
C. rubella displays methylation levels either similar to A. thaliana or
intermediate between the two other species (Fig. 2E).

Arabidopsis thaliana lost three centromeres relative to A. lyrata
and C. rubella, and this loss has been estimated to account for
about 10% of the genome size reduction in A. thaliana [46]. Using
orthologous genes, it is possible to reconstruct the gene, repeat,
and methylation density using the ancestral chromosome positions
(Fig. 3). As expected, repeat density and cytosine methylation next
to these degraded centromeres is reduced in A. thaliana, while
gene density is higher (Fig. 3). Particularly notable is the decrease
in CG gene body methylation (Fig. 3). Although gene body
methylation is positively correlated with gene expression in several

species [6,7,14,15,16], gene expression is not noticeably different
in these regions between the three species (Fig. 3). Thus, the
elimination of centromeres has had a measurable impact on repeat
and methylation distribution in A. thaliana, but did not strongly
affect the expression of ancestrally pericentromeric genes.

Methylated regions are not conserved across species
Methylation of plant genomes is driven to a large extent by TEs,

which are silenced via either the sRNA-mediated RdDM pathway
[36] or the RdDM-independent pathway which relies on DDM1
[38]. Using a Hidden Markov Model algorithm, we identified
methylated regions (MR) in each genome, which have a median
length of 300 to 530 bp and cover between 26 and 73 Mb (Table
S4). MRs are preferentially found in heterochromatic sequence
next to centromeres, as they are enriched for TEs (Fig. S4, Fig. 4A).
Since TEs are rapidly turned over, we expected MRs to be only
poorly conserved. To test this assumption, we identified nearly
60 Mb of sequences with a 1:1:1 relationship in whole-genome
alignments (Table S5) [47]. Less than 1% of the MR space is
contained in the alignable portion of the genomes (Fig. 4B). In the
rare cases where an MR spans alignable sequences, such sequences
are almost always methylated in only one of the three species
(Fig. 4C). We conclude that DNA methylation targets primarily the
variable portion of the genome, which is subject to species-specific
expansion and contraction of TEs.

To determine whether specific orthologs tend to be associated
with methylation in all species, even in the absence of MR
sequence conservation, we analyzed orthologs that contained a
MR overlapping or within 1 kb of their coding region. Again, we
found that the presence of MRs is rarely conserved (Fig. 4D, Table
S6), although MR sharing is seen more often than expected by
chance (Fig. 4D, Tables S7, S8). This could, however, be simply
due to genes near centromeres being more often associated with
MRs because they are in an MR-rich genome environment.

Conservation of CG gene body methylation
In contrast to RdDM of TEs and other repeats, the function of

CG gene body methylation is still enigmatic, although it correlates

Figure 1. Genomic distribution of DNA methylation. A) Circos plots [74] of C. rubella, A. lyrata, and A. thaliana. Chromosome number is
indicated on the inner circle. Data is plotted for 500 kb windows, except for sequencing coverage (100 kb). Gene expression (RPKM) was calculated
using the sum of the expression counts from all samples within a species.
doi:10.1371/journal.pgen.1004785.g001
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Figure 2. Impact of repeat expansion on DNA methylation at genomic features. A) Feature annotation of all cytosines and methylated
cytosines. Annotations are shown for all three contexts. B) Genome average of methylation rates for each genomic feature. Methylation rates are
normalized to the outgroup species C. rubella. C) Fraction of intron bases annotated as transposable element or other repeat sequence. D) Total
number of intron bases (millions) that are annotated as a particular transposable element class. E) Methylation rate distribution across gene bodies of
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positively with gene expression and negatively with mean normal-
ized expression variance, or the coefficient of variation, across
tissues and treatments (Fig. S5) [6,7,14,15,16,17]. CG gene body
methylation is found in the majority of genes (Table S9), and its rate
is highly correlated between orthologs, while CG methylation up-
and downstream of genes is much less correlated (Fig. 5).

CHG and CHH methylation in gene bodies is often indicative

of transcriptionally inactive pseudogenes, paralogs, or transposons

wrongly annotated as protein coding genes [14,15,55]. Between 10

and 20% of genes exhibit CHG or CHH methylation, most of

which were not expressed in our samples (Table S9). Genes with

CHG or CHH methylation are underrepresented in the

orthologous gene set, where their fraction drops to less than half
of their fraction among all genes, supporting the assertion that

CHG and CHH methylation point to a tendency toward
pseudogenization (Table S9). Moreover, CHG and CHH meth-
ylation are generally not conserved, suggesting that these marks
arise in a lineage-specific fashion.

Site-specific gains and losses of methylation in
euchromatic sequence

We used the cross-species alignments to identify 15.1 million
conserved CG, CHG and CHH sites, which are located
particularly in exons (Fig. 6A, Table S5). Although only a small
portion, 2%, had significant methylation, most were shared
between at least two species, with A. thaliana having the fewest
methylated sites, reflecting the general decrease in global
DNA methylation in this species (Fig. 6B–D, Table S10). Sites

orthologous genes and flanking sequences (1.5 kb up - and downstream). Orthologs that lacked methylation in both their gene body and flanking
sequences were excluded. Distributions are plotted by context.
doi:10.1371/journal.pgen.1004785.g002

Figure 3. Centromere loss impacts DNA methylation in A. thaliana. A) Orthologous genes, anchored on the C. rubella genome, were used to
calculate several statistics to investigate the impact of centromere loss on DNA methylation in A. thaliana. Capsella rubella centromeres 2, 4, and 8
(grey boxes) were lost during chromosomal fusion events that occurred on the branch leading to A. thaliana. Gene density, repeat density, and
methylation densities were calculated for a 20 Kb window centered on the midpoint of each orthologous gene (10 kb up- and 10 kb downstream).
Gene density and repeat density were calculated as fractions of each 20 kb window annotated as either a gene (ATG to STOP) or a repeat.
Methylation densities were calculated as fractions of cytosines methylated in each context. Gene body methylation and gene expression (RPKM) were
calculated for each ortholog. Gene body methylation was calculated as the fraction of methylated CG sites in a gene (ATG to STOP). Gene expression
data from all samples within a species were used to calculate the RPKM values. For each statistic, local linear regression was performed to smooth the
data in 250 kb bins. Smoothing parameter was relative to chromosome length.
doi:10.1371/journal.pgen.1004785.g003

Evolution of DNA Methylation Patterns in the Brassicaceae

PLOS Genetics | www.plosgenetics.org 5 November 2014 | Volume 10 | Issue 11 | e1004785



methylated in multiple species are further enriched in exons, with
very few of these conserved sites being CHG or CHH sites
(Fig. 6B,C, Fig. S6).

Sites that differ in methylation between species can be used to
study gain and loss of methylation. We consider sites that are
methylated only in a single species as lineage-specific gains, and
absence of methylation in only one species as lineage-specific
losses. We found that the number of gains and losses reflect the
differences in genome architecture between the three species
(Fig. 6 B,D). The many methylation losses in A. thaliana appear to
be the result of genome shrinkage, and this species has also the
fewest gains. In contrast, A. lyrata has the most gains, likely
reflecting recent TE expansion (Fig. 6 B,D). The density of
variable sites across the genome (in 10 kb windows) illustrates that
gains and losses are not randomly distributed (Fig. 6D). Species-
specific gains, which occur in all three sequence contexts, are
concentrated in a subset of windows that are strongly enriched for
TEs (Fig. 6D,E), but are also frequently found in exons (Fig. S6).
That methylation gains are particularly likely in first and last exons
suggests that methylation spreading from nearby TEs makes an
important contribution to newly methylated sites, regardless of TE
class (Fig. 6F, S7) [56,57,58].

Lineage-specific losses are more evenly distributed, without any

signature of TE association. In addition, sites that are conserved in

not only two, but all three species occur across a similar spectrum

of genomic features (Fig. S6). Together these results indicate that
unlike gains, losses occur in a random fashion, with the proviso

that there is an overall global loss of methylation in A. thaliana
(Fig. 6D). Though centromere elimination contributes to the
different methylation pattern in A. thaliana, this explains only
a minority of these losses (Fig. S8). It appears more likely that
they are caused by the global reduction in TE content. We also
attempted to understand what factors might contribute to
conservation of DNA methylation over time. Sites found in
more than one species are enriched in exons of conserved
length and are more frequent in the center of exons (Fig. S9,
S10).

Methylation variation within individuals
Because several studies have shown that DNA methylation can

change between tissues and in response to external stimuli [19,20],
we wanted to address whether these responses are conserved.
Principal component analysis on the four types of samples, control
shoots, cold-treated shoots, control roots and cold-treated roots,
for all three species according to global RNA-seq measurements
revealed that tissue is the most important factor, with over 7,000
genes being differentially expressed between roots and shoots
(Fig. 7A, S11). Tissue-specific differences in gene expression are
the largest source of expression variance in this data set (Fig. 7A).
In contrast, species is the most important factor for differences in
DNA methylation and explains 80% of the variance in our data
(Fig. 7B, Fig. S12). Moreover, PC2 places A. lyrata closest to C.
rubella instead of its congener A. thaliana, reflecting the
methylation losses in A. thaliana (Fig. 7B).

Figure 4. Conservation of methylated regions (MR). A) Annotation of all bases in MRs. B) Fraction of bases in MRs that occur either within or
outside of the three-way whole genome alignments. C) Fraction of MR bases found within three-way whole genome alignments that occur in one,
two, or three species. D) Conservation of MRs in the absence of sequence alignments. The total number of orthologous genes overlapping an MR in
one, two, or three species is given, with location of MR overlap separated by genomic feature. Upstream region was defined as 1 kb before the start
codon. Asterisk indicates two or three-way sharing of MRs that exceeds permutation values.
doi:10.1371/journal.pgen.1004785.g004
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To evaluate the degree to which within-species DNA methyl-
ation changes are conserved, we first estimated significant
differential methylation at site and region levels. Four biologically
appropriate comparisons were performed for each species to
minimize multiple testing problems. Two tests identified differen-
tially methylated positions (DMPs) between roots and shoots, and
two tests identified DMPs between cold and control conditions
regardless of tissue type. In each species, ten times as many DMPs
were found between tissues than between treatments (Figure 8A,
Table S11). Similar to DMPs, 20 to 50 times as many differentially
methylated regions (DMRs) were detected between tissues than
between treatments (Fig. 8B, Table S12).

Importantly, DMPs and DMRs do not necessarily coincide (Fig.
S4, S13). DMPs in all contexts are rarely found within DMRs,
indicating that significant regional changes in methylation are not
just the extension of single base differences (Fig. 8C). CHG and

CHH DMPs reside mainly within MRs (Fig. 8C); since these are
almost exclusively found in the non-alignable portions of the
genome, including TEs (Fig. 4A, Fig. 8D), the positions of DMPs
and DMRs are typically not conserved between species (Fig. 8E).
In the rare case that DMPs or DMRs can be found in the portion
of a species’ genome that can be aligned with the genomes of the
other two species (Fig. 8E), they are only variable in a single
species (Fig. 8F). Methylation variation at both the site and region
level is therefore not conserved across species.

In the absence of sequence conservation at DMRs, we looked
for conservation of their presence at orthologous genes. When only
considering orthologs, fewer than 700 genes coincide with a DMR
(405 in C. rubella, 652 in A. lyrata, and 221 in A. thaliana) (Table
S13). Orthologs only rarely shared the presence of an overlapping
or adjacent DMR, similar to what we see for MRs. Despite the
rarity of such cases, they occur more often than expected by

Figure 5. Methylation rates at orthologs. A) Pairwise comparison of the average methylation rates at orthologs. Average methylation rate was
calculated as the average of all CG sites in the feature, including non-methylated CG sites. Pairwise comparisons are shown for upstream regions
(1.5 kb), gene bodies, and downstream regions (1.5 kb). Spearman rank correlation coefficient (r) is included for each comparison.
doi:10.1371/journal.pgen.1004785.g005
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chance for a subset of genomic features and species comparisons
(Fig. S14, Table S14, Table S15). Lack of sequence conservation
together with minimal overlap of DMR presence at orthologs
supports the transitory nature of methylation variation during
genome evolution.

We also asked whether differential methylation in or near
coding sequences is correlated with changes in gene expression.
DMP and DMR overlap with genes was analyzed separately for
those that overlapped with exons, introns, 59 UTRs, 39 UTRs and
1 kb upstream regions (Table S13, S16). DMPs occur in many
genes in all three species, and most of them are expressed in our
samples (9,631 in C. rubella, 12,216 in A. lyrata, and 6,345 in A.
thaliana), but there is no evidence for correlation between DMPs
and gene expression. This holds true for tissue as well as treatment
DMPs (average Spearman rank correlation coefficient tissue =
20.04, treatment = 0.02, Table S17). Only a small number of
DMRs overlap with expressed genes (529 in C. rubella, 801 in A.
lyrata, and 284 in A. thaliana). Again, there is no correlation with
gene expression (average Spearman rank correlation coefficient for
CG DMRs = 20.16, CHG DMRs = 20.06, CHH DMRs = 0.00,
Table S18).

Although DMPs and DMRs are not conserved across species,
there is consistently more variability between root and shoot
samples at a number of genomic features. Importantly, the
methylation profile across transposons is quite different between

tissues. Transposons are consistently more highly methylated in all
sequence contexts in shoots (Fig. 9A). A similar trend is apparent
for CHG and CHH sites in intergenic regions in A. lyrata,
reflecting that TEs are closer to genes in this species (Fig. 9B) [46].

Discussion

DNA methylation is an ancient epigenetic modification that
appears in the genomes of organisms throughout the eukaryotic
phylogeny [1,2,3]. This mark is associated with a number of
cellular processes including transposon silencing and host gene
regulation, but the cause-and-effect relationship between gene
expression and DNA methylation remains unclear
[6,7,12,13,14,15,16]. From an evolutionary standpoint, it is useful
to consider methylated cytosines from two differing perspectives,
either as a non-canonical nucleotide or as a molecular phenotype
akin to transcription, and each perspective has important
implications for the interpretation of its evolutionary dynamics.

Dynamics of DNA methylation as a molecular phenotype
As a molecular phenotype, many characteristics of DNA

methylation are conserved between the species we examined.
DNA methylation is generally associated with the repeat-dense
sequences found in the centromeres, with CG methylation being
in addition present at high levels in exonic sequences

Figure 6. Site-level comparison of methylation. A) Annotation of all cytosines within a species (covered C) compared to the annotation of
cytosines found in the three-way whole genome alignments (aligned C). B) Total number of mC by context for aligned site classes. Site classes are as
follows: mC - methylated sites within a species. Conserved (3 species) - sites that are methylated in all three species. Gain - sites that are methylated in
a single species. Loss - sites that have lost methylation in a single species. C) Total number of conserved mC and non-conserved mC by context. D)
Density plot describing the distribution of variable sites in the genome (10 kb windows). For each window the following statistic was calculated:
species-specific methylation gains/sum of species-specific methylation gains and losses. E) Windows with a high density of gains have more
transposons and repetitive sequences. Density of transposons plotted against density of methylation gains (10 kb window). F) Methylation gains are
enriched at the beginning and end of genes. Fraction of mC in each site class is plotted by exon position in a gene.
doi:10.1371/journal.pgen.1004785.g006

Figure 7. Species gene expression and mC relationships. A) Principal component analysis on fitted gene expression values (log2) and B) mC
rates at aligned methylated positions. All contexts are considered (see Fig. 6B,C and Table S10 for further description of mC sites).
doi:10.1371/journal.pgen.1004785.g007
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Figure 8. Intraspecific variation in DNA methylation. A) Fraction of mC that are variable between either tissue (root and shoot) or treatment
(23uC and 4uC) comparisons. B) Fraction of DMRs that are variable between either tissue (root and shoot) or treatment (23uC and 4uC) comparisons. C)
Fraction of DMPs in each context that reside either within a MR or DMR. D) Feature annotation of DMPs by context and DMR bases. E) Fraction of
DMPs and DMR bases found within three-way whole genome alignments. F) Fraction of DMPs and DMR bases found within three-way whole genome
alignments that occur in one, two, or three species.
doi:10.1371/journal.pgen.1004785.g008
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[6,7,8,9,10,11,14,15,16]. Furthermore, gene body methylation
levels are conserved in orthologous genes indicating that DNA
methylation rate may be subject to purifying selection, a finding
consistent with previous wider evolutionary comparisons [42]. The
close relationship of the species used in our experiments allows us
to make inferences at base pair resolution. Given the substantial

rate of epimutation in non-repetitive sequences [39,40], we were
surprised to discover that a large fraction of sites is methylated in
more than one species. These sites were predominantly found in
gene bodies, providing additional evidence for selective constraint.
While gene body methylation is poorly understood, there is some
evidence that it is correlated with nucleosome positioning in exons

Figure 9. Intraspecific variation of transposon and gene body methylation. A) Comparison of the average methylation rates at annotated
transposons and repeats between tissues (root and shoot) and treatments (23uC and 4uC). Average methylation rate is calculated as the average of
methylation rates at all cytosines in the feature, including non-methylated cytosines. B) Methylation rate distribution across gene bodies of
orthologous genes and flanking sequences (1.5 kb up- and 1.5 kb downstream). Orthologs that lacked methylation in both their gene body and
flanking sequences are excluded. Distributions are plotted by context.
doi:10.1371/journal.pgen.1004785.g009
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[14,59]. If nucleosome position is conserved, it could potentially
explain long-term conservation of DNA methylation at some sites.

An additional proposed feature of DNA methylation as a
molecular phenotype is the ability to respond to external stimuli or
internal developmental cues. In theory, such variation could
control changes in gene expression. We found evidence for DNA
methylation variation in all three species across both tissue type
and environment. The changes in DNA methylation were in all
three species much greater between tissues, and consistently
resulted in lower methylation levels in the root [19]. Differences
between the root and shoot tissues also explain a majority of the
expression variation in the transcriptional data, but these changes
are not directional. We found no evidence that changes in DNA
methylation across tissues is associated with changes in gene
expression. In fact, a large proportion of methylation changes were
found in repetitive sequences. This pattern may result from the
increased stringency of transposon silencing in the shoot, which
includes the plant germline [60].

While transcriptional responses are highly conserved across all
three species, we found no evidence for conservation of DNA
methylation response at the sequence level. MRs and DMRs are
predominantly found in the rapidly evolving repeat-rich regions of
the genome and rarely reside in or near the same orthologous gene
in more than one species. In many of the classical epimutants,
epigenetic regulation of nearby transposon insertions can impact
neighboring genes and cause phenotypic variation [21,24,25,26].
This additional regulation is in some cases beneficial; for example,
for genes specifically expressed in the pollen [41,61]. The data
presented here demonstrates that these events are both rare and
likely lineage-specific. It is possible that the reported cases of
differential methylation as a regulator of transcription are short-
term innovations that are eventually replaced by genetically
encoded regulation.

DNA methylation from an epimutational perspective
The mode of inheritance of symmetrically methylated cytosines

motivates the interpretation of DNA methylation as a molecular
modification that increases the complexity of the genetic code.
While mutational processes affecting DNA sequence are well
described, epimutational processes are poorly understood. DNA
mutations rarely revert and occur in a largely random fashion
throughout the genome [62]. In contrast, recent studies have
shown that the transgenerational stability of DNA methylation is
very context dependent [39,40]. Over short evolutionary times,
epimutations are more likely to occur in euchromatic sequences
and are biased away from heavily methylated repetitive sequences
[39,40].

Over the longer evolutionary times examined here, we find that
changes in genome content and structure are the major
contributors to DNA methylation variation. While the majority
of single site and regional methylation is found in repetitive
sequences that are unlikely under evolutionary constraint, the
remaining observed patterns in euchromatic sequence reflect
lineage-specific evolution of transposons. This is particularly
obvious in A. lyrata, which has experienced a recent invasion of
transposable elements into euchromatic sequences [46] and
subsequent elevation in the methylation rate of euchromatic
features, particularly introns.

Large-scale structural changes that have perturbed the genome-
wide DNA methylation landscape have also occurred in A.
thaliana [48,49]. Loss of three repeat-rich centromeres in A.
thaliana caused a decrease in DNA methylation in sequences
flanking the ancestral centromeres. The impact of lineage-specific
transposon evolution and subsequent methylation is similarly

evident in genic sequences. Approximately 40% of methylation in
conserved exon sequence is species-specific. These sites are non-
uniformly distributed near the 59 or 39 edges of genes, likely due to
spreading from adjacent transposons [56,57,58]. These observa-
tions support the hypothesis that surveillance of transposons is the
primary contributor to the genomic distribution of DNA
methylation in plants. Since transposon content and genome
structure vary extensively even over short evolutionary time
periods, DNA methylation appears to be similarly variable. This is
supported by the poor resolution of species relationships in a
principal component analysis of DNA methylation and a nearly
ten-fold increase in divergence between A. lyrata and A. thaliana
when comparing DNA methylation as opposed to nucleotide
sequence [46]. Together, these results indicate that DNA
methylation as a non-canonical nucleotide is very rarely conserved
over intermediate evolutionary times scales.

Despite the fact that we can estimate the epimutation rate of
methylated cytosines and other parameters related to nucleotide
mutations, it is misleading to equate DNA methylation changes to
nucleotide substitutions. Our results indicate that the rapid
evolution of repeat sequences is the major contributor to the
equally rapid changes in the genomic distribution of DNA
methylation. In this respect, it is more reasonable to regard
DNA methylation primarily as a molecular phenotype resulting
from the underlying genetic sequences. Although a few ‘‘pure’’
epialleles have been identified in nature, the majority of natural
epimutations are linked to nearby transposon insertions or other
genetic changes [21,24,25,26]. Fast evolution of repeat-sequences
can, however, provide opportunities for lineage-specific cooption
of DNA methylation for regulation of endogenous genes in
response to various stimuli.

Materials and Methods

Experimental design
Seeds from the reference strain for each species (A. thaliana

Col-0, A. lyrata MN47, C. rubella MTE) were sterilized with a
15 minute treatment of 30% bleach and 0.1% Triton X-100.
Sterilized seeds were plated onto 0.56MS 0.7% agar plates with
1% sucrose. Each plate represented a single replicate consisting of
20 seedlings. In total, 7 replicates were sown and randomized into
a 36262 factorial design. The three factors in this experiment
were species, tissue, and cold treatment. After sowing, plates were
stratified in the dark at 4uC for 8 days, before being shifted to 23uC
short-day conditions (8 hr light:16 hr dark). Plates were oriented
vertically. After 6 days in 23uC, half of the plates were exposed to
4uC short-day conditions for 23 hours. At the end of the cold
treatment, both control (23uC) and treated (4uC) samples were
harvested. Root and shoot tissues were harvested independently.
Plants were cut just above and below the root-shoot junction to
separate the tissues and avoid cross contamination of tissue types.
To minimize daily collection times, replicates were blocked by day.

RNA extraction and RNA-seq library preparation
Total RNA was isolated from three replicates of each factor

combination using the Qiagen RNAeasy Plant Mini Kit (catalog
# 74904). An on-column DNase digestion was included (catalog
# 79254). Total RNA integrity was confirmed on the Agilent
BioAnalyzer. Illumina TruSeq RNA libraries were constructed
using 3 mg of total RNA. Samples were randomized before library
construction. The manufacturer’s protocol was followed with one
exception - 12 PCR cycles were used instead of the recommended
15. Libraries were quantified on an Agilent BioAnalyzer (DNA
1000 chip). Samples were normalized to 10 nM library molecules
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and then pooled for sequencing. Three pools were constructed,
each consisting of 12 random samples. Each pool was sequenced
across three lanes of an Illumina GAII flowcell.

DNA extraction and bisulfite library preparation
DNA was extracted from two replicates of each factor

combination using the Qiagen DNeasy Plant Mini Kit (catalog
# 69104). DNA was quantified using the Qubit BR assay (Life
Technologies, catalog # Q32853). Bisulfite libraries were con-
fstructed using modifications to the Illumina TruSeq DNA kit and
published bisulfite library protocols [15,39]. Depending on the
sample, starting material ranged from 200 ng to 1 mg. Changes to
the manufacturer’s protocol will be noted here. After shearing of
genomic DNA with a Covaris S220 instrument, sheared lambda
DNA was spiked into each sample (1:0.001 sample:lambda ratio)
as a control., for accurate estimation of failure to bisulfite convert
non-methylated cytosines. Samples were randomized before
library construction. During the ligation step, the amount of
adapter was adjusted based on the amount of starting material in
each sample. For 1 mg of input DNA, 2.5 ml of adapter were used.
Adapter input was scaled linearly for samples with less starting
DNA. For the second AMPure bead clean up after the ligation
step, the ratio of sample to beads was adjusted to 1:0.74. A final
elution volume of 42.5 ml was used for this step. After ligation,
40 ml of eluate was transferred to a new tube for subsequent
bisulfite treatment.

The Qiagen Epitect Plus Kit (catalog # 59124) was used for
bisulfite treatment. The manufacturer’s protocol for ‘low concen-
trated and fragmented samples’ was followed, using 85 ml of
bisulfite mix for conversion. Clean up of the bisulfite reaction
included ethanol as a final wash step. The sample was eluted in
17 ml. After bisulfite treatment samples were amplified using Pfu
Cx HotStart Polymerase from Agilent (catalog # 600410) instead
of the supplied PCR mix. Reaction conditions are all follows:
32.9 ml of water, 5 ml of 106Pfu Cx Buffer, 5 ml of 2 mM dNTP,
1.6 ml of Illumina PCR Primer Cocktail, 0.5 ml of Cx Polymerase
(2.5 U/ml), 5 ml of bisulfite-treated DNA eluate. Three PCR
reactions were pooled for each bisulfite-treated sample. The
following cycling conditions were used: 98uC - 30 seconds; 18
cycles of 98uC - 10 seconds, 65uC - 30 seconds, 72uC -
30 seconds; 72uC - 5 minutes. An AMPure bead clean up was
used to purify the final PCR product (1:1 sample to bead ratio).
Samples were eluted in 32.5 ml of Illumina supplied Resuspension
buffer. 30 ml of the final eluate was transferred to a new plate for
subsequent quantification and sequencing. Libraries were quan-
tified using the Agilent BioAnalyzer (DNA 1000 chip). Libraries
were diluted to 10 nM and then pooled. Samples were pooled
based on genome size - and each pool consists of 2 random
samples from each species. Four pools were constructed and each
was sequenced across three lanes of the Illumina HiSeq 2000.

Bisulfite sequencing
We sequenced bisulfite-converted libraries with 26101 base

pair paired-end reads on an Illumina HiSeq 2000 instrument with
conventional A. thaliana DNA genomic libraries in control lanes.
Each sample contained 0.1% lambda DNA as an unmethylated
control. We pooled six different samples in each lane. The
Illumina RTA software (version 1.13.48) performed image analysis
and base calling.

Processing and alignment of bisulfite-treated reads
Reads were filtered and trimmed as previously described [39].

Subsequently, trimmed reads were mapped against the corre-
sponding reference genomes (Crubella_183, Alyrata_107,

Athaliana_167 (TAIR9) [46,47,50,51]. The lambda genome
sequence was appended to each species genome sequence in
order to estimate the false methylation rates of each sample. All
reads were aligned using the mapping tool bismark v0.7.3 [63].
Applying the ‘scoring matrix approach’ of SHORE as previously
described [39], we retrieved unique and non-duplicated read
counts per position. Read and alignment statistics can be found in
Table S2. All command line arguments are listed in Text S1. Raw
reads are deposited at the European Nucleotide Archive under
accession number PRJEB6701.

Determination of methylated sites
We used published methods [39], with a few exceptions. Here

we retrieved incomplete bisulfite conversion rates, or false
methylation rates (FMRs), from the alignments against the lambda
genome rather than the chloroplast sequence. False methylation
rates are found in Table S3. In addition, we combined the read
counts of replicate samples after removing sites that were
differentially methylated between replicates. The methylation
rates for combined replicates were used for all subsequent
analyses. The number of DMPs detected between replicates can
be found in Table S19. In each species we required a methylation
rate of at least 20% in one of the four tissue-treatment
combinations in order for a site to be considered significantly
methylated.

Identification of differentially methylated positions
(DMPs)

To identify DMPs we followed published methods [39], but we
required positions to have a methylation rate of at least 20% in
one of the treatment combinations before performing Fisher’s
exact test. This increased statistical power by reducing the number
of multiple testing corrections. Pairwise tests were not performed
between all treatment combinations, instead only relevant
comparisons were performed within each species (Root-23uC vs
Shoot-23uC, Root-4uC vs Shoot-4uC, Root-23uC vs Root-4uC,
Shoot-23uC vs Shoot-4uC).

Identification of methylated regions (MRs)
To detect contiguously methylated parts of the genome we

modified a Hidden Markov Model (HMM) implementation [64].
Briefly, each cytosine can be in either an unmethylated or
methylated state. The model trains methylation rate distributions
for each state and sequence context (CG, CHG, CHH)
independently using genome-wide data. In addition, transition
probabilities between the states are trained. To make the original
HMM implementation applicable to plant data, three different
(beta binomial) distributions were estimated for each state
(methylated and unmethylated) instead of just the single distribu-
tion used in mammals, which have almost only CG methylation
[64]. To prevent identification of regions over uncovered bases,
the genome was split at locations that lacked a covered cytosine
position for 50 adjacent base pairs. On each of these segments, the
most probable path through the methylation states was estimated
after genome-wide parameter training. Transitions between states
demarcated the methylated regions (MR). Replicates of each
treatment combination were combined for this analysis. The
combined read counts at cytosines were used to calculate
methylation rates, train the HMM, and identify methylated
regions. As a result, there is a single segmentation of the genome
per treatment combination. Methylated regions were trimmed on
both 59 and 39 ends by removing positions with a methylation rate
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below 10%. Further details will be described in a manuscript by
Hagmann, Becker et al. [65].

Identification of differentially methylated regions (DMRs)
Based on the MRs identified for each sample using the HMM

algorithm described above, we selected regions of variable
methylation state between samples to test for differential methyl-
ation. Due to the very large number of MRs, it was critical to
reduce the number of tests performed to identify DMRs. By
filtering MRs using the criteria outlined in a forthcoming
manuscript by Hagmann, Becker et al. [65], we reduced the
number of MRs four fold in each species. For each identified
region, pairwise statistical tests were performed for the relevant
comparisons listed above. The statistical test approximates the
context-specific beta binomial distribution for the region of
interest. Individual and joint distributions are approximated for
two samples being compared. The statistical test compares the
individual sample distributions to the joint distribution using a log-
odds ratio. This ratio is compared against a chi-squared
distribution to obtain confidence values. For each identified
region, samples were assigned to groups by separating the samples
with statistically significant methylation. To confirm groupings, we
first combined read counts from treatment combinations in the
same group. With the combined data, the same statistical test as
described above was performed to test for differential methylation.
Groups were confirmed in this way to identify and filter potentially
erroneous DMRs. After false discovery rate (FDR) correction
using Storey’s method [66], regions with an FDR below 0.01 were
defined as differentially methylated regions (DMRs). To resolve
overlapping DMRs, we retained the non-overlapping regions
containing the maximum number of samples with statistically
significant differential methylation. Apart from the criterion used
to resolve overlapping DMRs, the methods follow those that will
be described in detail in a manuscript by Hagmann, Becker et al.
[65].

Site-level conservation of methylation
We identified conserved sites using a published three-way whole

genome alignment [47]. For CG sites, identical context was
required while substitutions at the H positions were allowed in
degenerate contexts as long as they did not mutate to G. Sites that
transitioned contexts were not considered. Methylation rates for
significantly methylated sites were then extracted from each
species, tissue, and treatment combination for subsequent analysis.

Identification of 1:1:1 orthologous gene pairs
Three-way orthologs were identified using the reciprocal-best

blastp hit approach as implemented in the multiParanoid pipline
(inParanoid v. 4.1, blast v. 2.2.26) [67].

RNA sequencing
We sequenced each RNAseq library with 101 base pair single-

end reads on the Illumina GAII instrument. We pooled twelve
different samples in each lane. Each pool was sequenced over
three lanes. The Illumina RTA software (version 1.13.48)
performed image analysis and base calling.

Processing and alignment of RNAseq reads
Reads were trimmed using the shore import function in

SHORE version 0.9.0 [68]. Command line arguments can be
found in Text S1. This function simultaneously trims reads and
separates samples by barcode. Since all samples were sequenced
over three lanes, after lanes are de-multiplexed sample reads were

combined. Due to variable annotation qualities between species,
only sequences annotated as CDS annotations were used to map
RNA-seq reads. The following representative gene model anno-
tation versions were used for each species: Crubella_183,
Alyrata_107, Athaliana_167 (TAIR10) [46,47,50,51]. Reads were
aligned with one allowed mismatch to the appropriate annotation
using bwa version 0.6.1 [69]. Read counts were obtained for each
gene using a custom perl script. In summary, the script identified
uniquely aligned read with a mapping quality score above 30 and
stored the total read count for each target sequence. Read and
alignment statistics can be found in Table S20. Raw reads are
deposited at the European Nucleotide Archive under accession
number PRJEB6701.

Differential expression analysis
Differentially expressed genes were identified using the R

package edgeR (3.4.2) with minor modifications [70]. Using
edgeR, we estimated the dispersion parameter for each gene using
estimateGLMTagwiseDisp(). Next, we fit a negative binomial
generalized linear model (GLM) using glmFit(). Significance
testing for differential expression was performed using a custom
GLM. Significance testing in edgeR was done via term-dropping
of each factor level (likelihood ratio test), and as a result performed
more statistical tests than necessary. To minimize multiple testing
problems, we implemented a negative binomial GLM that tested
for differential expression significance using an ANOVA [71].
Dispersion estimates from edgeR were provided to the modified
GLM. Using this model, differential expression analysis was
performed in two ways. First, expression analysis was performed
within species. There were 12 samples consisting of three replicates
and four unique treatment combinations. All representative gene
models were considered. The following custom GLM model was
used: expression,tissue*treatment. This included the main effects
of tissue and treatment as well as their interaction. Secondly, we
performed differential expression analysis between all species
simultaneously. In this case, there are a total of 36 samples
consisting of three replicates of each species, tissue, and treatment
combination. Only 1:1:1 orthologous gene pairs were considered
(14,395 in total). The following custom GLM model was used:
expression,species*tissue*treatment. This includes the main
effects of species, tissue, and treatment as well as all two and
three-way interactions. Corrections for gene length were per-
formed, but this did not impact the results and was subsequently
ignored.

Repeat annotations
Transposon and repeat annotations for all three species were

derived from the Capsella rubella genome paper [47,72,73].

Supporting Information

Figure S1 Effects of intron insertions of transposons on gene
expression. Genes with and without TEs in their introns are
compared. A gene is considered expressed if it had at least 3
RPKM in three of the twelve species-specific RNA-seq samples.
(EPS)

Figure S2 Methylation rates of sequences flanking intron-
inserted transposons. All cytosines in sequences flanking TEs in
introns were extracted (+/2500 bp). Methylation rate for each
annotated feature and context is calculated as the number of
methylated cytosines over the total number of possible cytosines.
Methylation rates are normalized to genome-wide methylation
rates for each feature-context combination. Sites considered in our
current analysis (intronic TE and +/2500 bp) were excluded from
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the calculation of background methylation rates. This plot also
accounts for expression of the gene containing the intronic TE.
(EPS)

Figure S3 Methylation rates at genomic features of expressed
genes. Genome average of methylation rates for each genomic
feature. Similar to figure 2B, except annotations are only
considered for genes that are expressed. A gene is considered
expressed if it received at least 3 RPKM in three of the twelve
species-specific RNA-seq samples. Methylation rates are normal-
ized to the outgroup species C. rubella.
(EPS)

Figure S4 Genomic distribution of MRs and DMRs. A) Circos
plots [74] to demonstrate the genomic distribution of MRs and
DMRs in C. rubella, A. lyrata, and A. thaliana. Chromosome
number is indicated on the inner circle. Data is plotted for 500 kb
windows.
(EPS)

Figure S5 Relationship between gene body methylation and
gene expression. Gene body methylation rates are plotted against
either gene expression (log2) deciles or coefficient of variation (CV)
deciles. When comparing gene body methylation with gene
expression the Spearman rank correlation coefficient in C.
rubella = 0.21, A. lyrata = 0.23, and A. thaliana = 0.24. In
contrast, when comparing gene body methylation with CV the
Spearman rank correlation coefficient in C. rubella = 20.34, A.
lyrata = 20.19, and A. thaliana = 20.33.
(EPS)

Figure S6 Annotation of methylated site classes in three-way
alignments. Feature annotation is shown for each methylation
context. Site classes are as follows: Aligned - all C in three-way
alignments. mC - methylated sites within a species. Consv. (3
species) - sites that are methylated in all three species. Gain - sites
that are methylated in a single species. Loss - sites that have lost
methylation in a single species.
(EPS)

Figure S7 Transposon categories for aligned methylated site
classes. The top 5% of windows (10 kb) for three-way conserved
sites, gains, and losses were identified. As a control, an equal
number of random genomic windows were chosen. Shown is the
number of bases annotated as a transposon category for the top
5% of windows in each site class normalized to the control
annotation.
(EPS)

Figure S8 Centromere loss is not associated with methylation
loss at aligned cytosines. Fraction of species-specific losses in
methylation is plotted for each ortholog residing within ancestral
centromere boundaries. Orthologs were categorized based on
genomic position, either in or outside of ancestral centromere
boundaries. Centromere boundaries were defined in C. rubella
using repeat density (Fig. 3, 0.3 threshold). Orthologs residing in
maintained ancestral centromeres (‘‘No Loss’’) were compared to
orthologs residing in ancestral centromeres lost in A. thaliana
(‘‘Loss’’).
(EPS)

Figure S9 Conserved methylated sites associated with conser-
vation of exon length. Fraction of site categories that reside in
exons with conserved lengths across all three species or exons of
variable lengths.
(EPS)

Figure S10 Distribution of cytosines across exons. The density of
exon methylation at aligned cytosines is shown for conserved
methylated sites as well as for lineage-specific gains and losses of
methylation. On top is the density of non-methylated aligned
cytosines. There is no bias in location within an exon for non-
methylated sites.
(EPS)

Figure S11 Differential gene expression. For each model, within
species (top) and between species (bottom), the number of
differentially expressed genes (absolute and as a fraction of
expressed genes) is shown for each main effect and all interactions
(p,0.05).
(EPS)

Figure S12 Species mC relationship of replicates. A) Principal
component analysis on mC rates at aligned methylated positions.
All contexts are considered (see Fig. 6B,C and Table S10 for
further description of mC sites). Unlike figure 7, this plot considers
the mC rate of each replicate at all aligned methylated positions.
(EPS)

Figure S13 Genomic distribution of DMPs. A) Circos plots [74]
to demonstrate the genomic distribution of DMPs in C. rubella, A.
lyrata, and A. thaliana. Plots are separate for tissue specific DMPs
(root and shoot) or treatment specific DMPs (23uC and 4uC).
Chromosome number is indicated on the inner circle. Data is
plotted for 500 kb windows.
(EPS)

Figure S14 Conservation of DMRs in the absence of sequence
alignments. The total number of orthologous genes containing a
DMR in one, two, or three species is shown. Location of DMR
overlap is separated by genomic feature. Upstream region is
considered 1 kb before the start codon. Asterisk indicates two or
three-way sharing of DMRs that exceeds permutation values.
(EPS)

Table S1 References for genome size. References for the
genome size (in pg and Mb) as well as the total size of the
genome assembly are listed for each species. Genome size
references are derived from the Kew Royal Botanic Gardens
Plant DNA C-values database.
(XLSX)

Table S2 Bisulfite-sequencing coverage and alignment statistics.
For each sample, the total number of sequenced reads (paired and
single) is shown. Also, the total number of CG, CHG, and CHH
sites covered is reported along with the average genome-wide
coverage of each context.
(XLSX)

Table S3 False methylation rates by coverage bin. The
incomplete bisulfite conversion rate, or false methylation rate
(FMR), for each sample is shown by coverage bin. For each bin,
FMR is calculated as the number of cytosines in lambda DNA that
are not converted to U (T in the DNA sequence) after bisulfite
treatment over the total number of converted (U/T) and
unconverted (C) reads.
(XLSX)

Table S4 MR and DMR statistics by sample (A) and species (B).
Mean and median length of region, total number of regions, and
genomic bases covered by regions are shown. Sample statistics
were calculated from the combination of biological replicates.
(XLSX)
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Table S5 Genome alignment metrics. Number of bases covered
in three-way whole genome alignments is shown. In addition, total
number of bases in methylated site classes is shown.
(XLSX)

Table S6 MR presence at genomic features. The number of
genes in each species annotation that contain a MR is shown.
Upstream refers to 1 kb upstream of the start codon. The number
of orthologous genes with an overlapping MR is also shown.
(XLSX)

Table S7 P values of pairwise MR overlap. To test the
significance of MR co-occurrence at orthologous genes a
hypergeometric test was used. Significance of each test is shown
here.
(XLSX)

Table S8 Two and three-way species MR overlap. The number
of orthologs that contain an MR in one, two, or three species is
shown (A). Permutation analysis was performed to estimate the
random occurrence of one, two, and three-way overlap (10,000
permutation tests). Maximum permutation values are shown in
(B). Features where the data exceeds the maximum permutation
value are indicated in (C).
(XLSX)

Table S9 Gene body methylation by context. The total numbers
of genes with CG, CHG, or CHH gene body methylation are
shown for all genes (A) and orthologous genes (B).
(XLSX)

Table S10 Three-way genome alignment site classes by context.
Total numbers of CG, CHG, and CHH sites for each alignment
site class are shown.
(XLSX)

Table S11 DMP statistics by comparison. Total numbers of
DMPs in each tissue and treatment comparison are shown.
(XLSX)

Table S12 DMR statistics by comparison. Total numbers of
DMRs in each tissue and treatment comparison are shown.
(XLSX)

Table S13 DMR presence at genomic features. The number of
genes in each species’ annotation that contain a DMR is shown.
Upstream refers to 1 kb upstream of the start codon. The number
of orthologous genes with an overlapping DMR is also shown.
(XLSX)

Table S14 P values of pairwise DMR overlap. To test the
significance of DMR co-occurrence at orthologous genes a
hypergeometric test was used. Significance of each test is shown
here.
(XLSX)

Table S15 Two and three-way species DMR overlap. The
number of orthologs that contain a DMR in one, two, or three
species is shown (A). Permutation analysis was performed to
estimate the random occurrence of one, two, and three-way
overlap (10,000 permutation tests). Maximum permutation values

are shown in (B). Features where the data exceeds the maximum
permutation value are indicated in (C).
(XLSX)

Table S16 DMPs at genomic features. The number of genes in
each species annotation that contain a DMP is shown. Upstream
refers to 1 kb upstream of the start codon. The number of
orthologous genes with an overlapping DMP is also shown.
(XLSX)

Table S17 DMP correlation with gene expression by feature.
Spearman rank correlation coefficient was calculated between the
direction of differential methylation and the appropriate log2 fold
change. Correlation coefficients were calculated separately for
tissue and treatment specific DMPs. An NA value indicates that
there were too few genes in a given category. Expression values are
from the intraspecific expression analysis.
(XLSX)

Table S18 DMR correlation with gene expression by feature.
Spearman rank correlation coefficients when comparing the
degree of differential methylation for each context (extracted from
the HMM model) with the appropriate log2 fold change. All
annotated genes overlapping a DMR were considered. Expression
values are from the intraspecific expression analysis. Correlation
coefficients were calculated only for tissue-specific DMRs as there
are too few treatment-specific DMRs. Results are only shown for
DMRs overlapping CDS, intron, and upstream sequences because
too few expressed genes reside in the other categories (59 and 39
UTRs). Upstream refers to 1 kb upstream of the start codon.
(XLSX)

Table S19 Number of DMPs between replicates. For each
species, tissue, treatment combination, differentially methylated
positions were identified between biological replicates. The total
number of DMPs for each comparison is listed. These positions
were removed from all further analyses.
(XLSX)

Table S20 RNA-seq sequencing coverage and alignment
statistics. For each sample, the total number of RNA sequencing
reads is shown. Read counts are also shown for mapped reads,
uniquely mapped reads, and the reads that passed a mapping
quality threshold (30).
(XLSX)

Text S1 Command lines for alignments. Command lines and
arguments for the processing of bisulfite reads and RNA-seq reads.
(TXT)
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Table S1. References for genome size.

Species
Estimated size 

(pg)*
Estimated size 

(Mbp)*
Genome 
assembly References for genome size* References for genome assembly

C. rubella 0.22 215 (219) 135
Lysak et al., 2009; Bennett et al., 2011; 

Slotte et al., 2013 Slotte et al., 2013
A. lyrata 0.25 245 207 Lysak et al., 2009; Bennett et al., 2011 Hu et al., 2011
A. thaliana 0.16 156 119 Bennett et al., 2003; Bennett et al., 2005 Swarbreck et al., 2008

*From the Kew Royal Botanic Gardens (Plant DNA C-values)



Table S2. Bisulphite sequencing coverage and alignment statistics.

Species Replicate Tissue Treatment Sample Name Total Paired Single Total Paired Single Total Paired Single
C. rubella 1 root 23°C ru_M1-C_Rt 287355125 142195725 2963675 168526389 83802688 921013 83699154 40981438 1736278
C. rubella 1 shoot 23°C ru_M1-C_St 166953496 80888641 5176214 80162038 39851385 459268 65893997 30691421 4511155
C. rubella 1 root 4°C ru_M1-T_Rt 210026855 103503725 3019405 113765613 56428102 909409 71084604 34646530 1791544
C. rubella 1 shoot 4°C ru_M1-T_St 191707065 93983770 3739525 80496143 39995461 505221 91833360 44391575 3050210
C. rubella 2 root 23°C ru_M2-C_Rt 322810562 158564504 5681554 190109847 94622794 864259 93148579 44303133 4542313
C. rubella 2 shoot 23°C ru_M2-C_St 418027165 203215665 11595835 198794626 98434450 1925726 176428613 83741864 8944885
C. rubella 2 root 4°C ru_M2-T_Rt 259591261 127577672 4435917 137392463 68137848 1116767 92379664 44722469 2934726
C. rubella 2 shoot 4°C ru_M2-T_St 240940406 115904369 9131668 108040630 53592665 855300 106234765 49156509 7921747
A. lyrata 1 root 23°C ly_M1-C_Rt 206907962 101417401 4073160 129114730 64169487 775756 39033148 18062167 2908814
A. lyrata 1 shoot 23°C ly_M1-C_St 190301038 91519039 7262960 104666042 52041466 583110 32453031 13121636 6209759
A. lyrata 1 root 4°C ly_M1-T_Rt 278683424 136298837 6085750 160301627 79748047 805533 69034358 32066708 4900942
A. lyrata 1 shoot 4°C ly_M1-T_St 220405099 108845765 2713569 125436461 62325420 785621 36588538 17616439 1355660
A. lyrata 2 root 23°C ly_M2-C_Rt 183527687 90341773 2844141 114090382 56719275 651832 34054633 16095143 1864347
A. lyrata 2 shoot 23°C ly_M2-C_St 171449198 84131825 3185548 85762543 42482376 797791 41366360 19775471 1815418
A. lyrata 2 root 4°C ly_M2-T_Rt 218781540 107479851 3821838 116194691 57594105 1006481 65021664 31349603 2322458
A. lyrata 2 shoot 4°C ly_M2-T_St 185385039 91397989 2589061 91580622 45532922 514778 44477092 21399069 1678954
A. thaliana 1 root 23°C th_M1-C_Rt 185396332 91324347 2747638 125336148 62324030 688088 34649529 16422953 1803623
A. thaliana 1 shoot 23°C th_M1-C_St 147240664 71744841 3750982 88036731 43768921 498889 32326909 14653923 3019063
A. thaliana 1 root 4°C th_M1-T_Rt 97901209 48418425 1064359 64952302 32300363 351576 21024943 10211306 602331
A. thaliana 1 shoot 4°C th_M1-T_St 141802133 70160261 1481611 84695727 42099931 495865 28665902 13964510 736882
A. thaliana 2 root 23°C th_M2-C_Rt 160912155 77374708 6162739 104993862 52247545 498772 35384989 14943906 5497177
A. thaliana 2 shoot 23°C th_M2-C_St 156478536 77033551 2411434 82309177 40876938 555301 46662182 22531676 1598830
A. thaliana 2 root 4°C th_M2-T_Rt 159299891 77943228 3413435 94717513 46972408 772697 45431867 21517160 2397547
A. thaliana 2 shoot 4°C th_M2-T_St 129559490 63401058 2757374 70398693 34875926 646841 34869443 16524464 1820515

Total reads Uniquely mapped reads Unmapped reads



Average coverage Total number Average coverage Total number Average coverage Total number Average coverage Total number
33.8625 3434128 34.2501 3803102 26.9342 19312289 28.8783 26549519
15.7744 3132154 15.4444 3454348 11.972 15839483 13.0379 22425985
26.9226 3400120 26.7205 3766522 20.5784 18842282 22.2972 26008924
15.2546 3213060 15.0614 3551261 11.838 16611322 12.7973 23375643
35.4223 3429172 35.5946 3797200 27.9232 19221553 29.9969 26447925
22.2052 3447134 22.6719 3817694 18.9742 19615891 19.9137 26880719
32.7449 3409521 32.4797 3776484 24.9368 18943868 27.0458 26129873
17.3153 3214718 17.1085 3552618 13.3638 16641064 14.4748 23408400
19.9712 5284802 20.5027 5293127 17.2304 26184961 18.0956 36762890
24.5384 4940032 23.8061 4913937 18.303 22473690 20.0924 32327659
24.5731 5305011 25.009 5312992 20.7736 26411861 21.9256 37029864

21.702 5256794 22.3049 5263098 18.307 25741821 19.3794 36261713
22.9924 5245560 23.3523 5254942 18.956 25752856 20.1773 36253358
17.9552 5080710 18.0419 5080313 14.6466 24001468 15.6436 34162491
24.3672 5250051 24.4961 5258961 19.6583 25819534 21.0392 36328546
18.4384 5136051 18.4444 5141264 14.7632 24582078 15.8476 34859393
35.0745 5476633 34.9213 5999501 27.7819 30370746 29.7599 41846880
25.2109 5332493 25.0427 5837924 19.5087 28401543 21.0935 39571960
18.2912 5447775 18.3395 5969250 15.3966 30033287 16.2008 41450312
25.2141 5379733 25.0776 5893811 19.5244 29070630 21.0943 40344174
28.8727 5470576 28.7867 5992846 23.3503 30290804 24.8541 41754226
20.7603 5361922 20.7857 5872438 16.715 28828250 17.8531 40062610
30.3678 5458510 29.9896 5980288 23.6765 30131728 25.4633 41570526
21.0472 5277195 20.7465 5775220 16.3231 27755732 17.6238 38808147

CCG CHG CHH



Table S3. False methylation rates by coverage bin.

Species Replicate Tissue Treatment Sample Name 1-5 6-10 11-15 16-20 21-25 26-30 31-35
C. rubella 1 root 23°C ru_M1-C_Rt 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04
C. rubella 1 shoot 23°C ru_M1-C_St 2.608E-03 1.229E-03 8.635E-04 2.528E-03 1.837E-03 1.624E-03 1.475E-03
C. rubella 1 root 4°C ru_M1-T_Rt 1.159E-03 1.159E-03 1.159E-03 1.159E-03 1.159E-03 6.831E-04 8.389E-04
C. rubella 1 shoot 4°C ru_M1-T_St 7.599E-04 1.643E-03 4.648E-03 9.044E-04 3.543E-04 2.818E-03 1.653E-03
C. rubella 2 root 23°C ru_M2-C_Rt 9.166E-04 9.166E-04 9.166E-04 9.166E-04 9.166E-04 9.166E-04 9.166E-04
C. rubella 2 shoot 23°C ru_M2-C_St 1.681E-03 1.681E-03 1.681E-03 1.681E-03 1.681E-03 1.681E-03 1.681E-03
C. rubella 2 root 4°C ru_M2-T_Rt 1.122E-03 1.122E-03 1.122E-03 1.122E-03 1.122E-03 1.122E-03 1.561E-03
C. rubella 2 shoot 4°C ru_M2-T_St 2.584E-03 3.750E-03 4.297E-04 1.168E-03 1.173E-03 2.007E-03 3.106E-03
A. lyrata 1 root 23°C ly_M1-C_Rt 1.143E-03 1.143E-03 1.143E-03 1.143E-03 1.143E-03 1.143E-03 1.368E-03
A. lyrata 1 shoot 23°C ly_M1-C_St 1.721E-03 3.069E-03 6.745E-04 3.434E-03 3.881E-04 4.853E-04 1.162E-04
A. lyrata 1 root 4°C ly_M1-T_Rt 2.301E-03 2.301E-03 2.301E-03 2.301E-03 2.301E-03 2.301E-03 2.301E-03
A. lyrata 1 shoot 4°C ly_M1-T_St 1.077E-03 1.077E-03 4.163E-03 1.066E-03 2.459E-04 7.969E-04 1.225E-03
A. lyrata 2 root 23°C ly_M2-C_Rt 9.149E-04 9.149E-04 9.149E-04 9.149E-04 9.149E-04 9.149E-04 9.149E-04
A. lyrata 2 shoot 23°C ly_M2-C_St 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04
A. lyrata 2 root 4°C ly_M2-T_Rt 2.041E-03 2.041E-03 2.041E-03 2.041E-03 3.878E-03 2.519E-03 2.813E-03
A. lyrata 2 shoot 4°C ly_M2-T_St 1.733E-03 3.057E-03 5.848E-03 1.631E-03 2.650E-03 1.515E-03 1.336E-03
A. thaliana 1 root 23°C th_M1-C_Rt 1.500E-03 1.500E-03 1.500E-03 1.500E-03 1.500E-03 1.500E-03 1.500E-03
A. thaliana 1 shoot 23°C th_M1-C_St 3.141E-03 4.124E-03 1.814E-03 3.292E-03 2.008E-03 4.143E-03 1.990E-03
A. thaliana 1 root 4°C th_M1-T_Rt 8.230E-04 8.230E-04 8.230E-04 8.230E-04 8.230E-04 8.230E-04 8.230E-04
A. thaliana 1 shoot 4°C th_M1-T_St 4.518E-04 4.518E-04 4.518E-04 4.443E-03 1.452E-03 1.225E-03 6.599E-04
A. thaliana 2 root 23°C th_M2-C_Rt 1.189E-03 1.189E-03 1.189E-03 1.189E-03 1.189E-03 1.189E-03 1.189E-03
A. thaliana 2 shoot 23°C th_M2-C_St 5.522E-04 5.522E-04 5.522E-04 5.522E-04 5.522E-04 5.522E-04 5.522E-04
A. thaliana 2 root 4°C th_M2-T_Rt 5.647E-04 5.647E-04 5.647E-04 5.647E-04 5.647E-04 5.647E-04 5.647E-04
A. thaliana 2 shoot 4°C th_M2-T_St 5.757E-04 5.757E-04 5.757E-04 5.757E-04 5.757E-04 5.757E-04 5.757E-04

Coverage bin



36-40 41-45 46-50 51-55 56-60 61-65 66-70 71-75 76-80 81-85 86-90 91-95
1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04
3.380E-03 2.934E-03 2.983E-03 1.256E-03 1.712E-03 2.890E-03 1.697E-03 1.862E-03 1.903E-03 1.185E-03 1.239E-03 1.882E-03
8.389E-04 5.538E-04 4.347E-04 5.058E-03 9.609E-04 1.092E-03 1.184E-03 1.418E-03 2.020E-03 9.505E-04 3.528E-03 2.827E-03
2.859E-03 8.584E-04 5.639E-04 2.329E-03 2.793E-03 1.445E-03 2.047E-03 9.787E-04 1.523E-03 1.327E-03 3.624E-03 1.156E-03
9.166E-04 9.166E-04 7.361E-04 7.361E-04 7.361E-04 6.466E-04 8.426E-04 4.282E-04 6.325E-04 2.048E-03 2.048E-03 5.637E-03
1.681E-03 7.227E-04 3.459E-04 6.438E-04 1.630E-03 1.110E-03 1.865E-03 2.798E-03 1.897E-03 1.670E-03 1.533E-03 1.334E-03
2.062E-03 1.223E-03 1.307E-03 2.966E-03 8.087E-04 5.919E-03 8.002E-04 7.504E-04 9.168E-04 1.371E-03 3.286E-03 4.384E-03
3.268E-03 1.926E-03 2.300E-03 1.625E-03 2.199E-03 2.233E-03 2.844E-03 2.075E-03 2.167E-03 1.959E-03 2.140E-03 1.433E-03
1.368E-03 1.847E-03 1.559E-03 8.283E-03 8.396E-04 1.222E-03 3.217E-03 8.340E-04 7.919E-04 1.178E-03 1.684E-03 9.628E-04
1.025E-03 1.061E-03 4.775E-03 9.716E-04 6.795E-04 6.867E-04 2.639E-03 2.078E-03 1.696E-03 1.362E-03 2.512E-03 1.197E-03
6.629E-04 1.470E-03 3.683E-04 4.105E-04 1.397E-03 1.572E-03 7.171E-03 1.112E-03 1.984E-03 1.292E-03 4.383E-03 1.412E-03
3.283E-03 1.476E-03 3.479E-03 1.531E-03 2.107E-03 8.879E-04 4.674E-04 6.439E-03 9.772E-04 2.370E-03 4.856E-04 1.826E-03
9.149E-04 9.149E-04 4.312E-04 2.663E-04 4.196E-04 3.729E-04 1.463E-04 3.097E-04 2.671E-03 6.472E-04 2.514E-04 6.660E-03
4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 4.002E-04 3.964E-04
1.577E-03 4.311E-04 6.535E-03 1.856E-03 8.592E-04 1.221E-03 4.014E-04 2.029E-03 1.491E-03 3.982E-03 2.865E-03 1.656E-03
4.862E-03 1.914E-03 1.733E-03 1.332E-03 3.098E-03 2.929E-03 2.123E-03 3.481E-03 2.794E-03 1.050E-03 1.737E-03 1.944E-03
1.500E-03 1.500E-03 1.655E-03 1.655E-03 1.655E-03 4.144E-04 1.047E-03 1.219E-03 1.930E-03 1.181E-03 1.176E-03 1.781E-03
3.508E-03 2.827E-03 2.124E-03 2.087E-03 1.771E-03 2.749E-03 3.117E-03 2.704E-03 2.647E-03 1.647E-03 2.623E-03 2.408E-03
1.339E-03 1.339E-03 1.502E-03 4.984E-04 9.023E-04 1.593E-03 4.482E-04 1.139E-03 1.679E-03 8.191E-04 6.643E-03 1.710E-03
8.264E-04 2.310E-03 2.102E-03 1.402E-03 2.819E-03 2.074E-03 1.713E-03 1.918E-03 9.756E-04 1.532E-03 2.015E-03 2.709E-03
1.189E-03 1.062E-03 3.223E-04 3.223E-04 4.793E-04 5.574E-04 3.172E-04 1.099E-03 1.304E-03 2.496E-03 1.024E-03 2.588E-03
5.522E-04 5.522E-04 5.522E-04 5.522E-04 5.522E-04 5.522E-04 5.522E-04 7.468E-04 7.468E-04 7.468E-04 7.468E-04 2.451E-04
5.647E-04 5.647E-04 5.647E-04 4.718E-04 4.718E-04 4.718E-04 7.337E-04 7.337E-04 2.393E-04 2.393E-04 4.889E-04 8.917E-04
5.757E-04 5.757E-04 5.757E-04 5.757E-04 5.757E-04 5.757E-04 5.736E-04 5.736E-04 5.736E-04 5.736E-04 8.379E-04 9.124E-04

Coverage bin



96-100 101-105 106-110 111-115 116-120 121-125 126-130 131-135 136-140 141-145 146-150 151-155
1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04 1.232E-04
1.859E-03 2.369E-03 2.153E-03 1.307E-03 2.940E-03 3.688E-03 7.118E-04 3.620E-03 1.533E-04 0.000E+00 0.000E+00 0.000E+00
1.836E-03 1.777E-03 1.122E-03 1.538E-03 1.523E-03 2.111E-03 1.488E-03 1.064E-03 1.415E-03 3.119E-03 2.937E-03 1.488E-03
2.423E-03 1.214E-03 1.604E-03 1.602E-03 1.394E-03 1.562E-03 2.575E-03 1.185E-03 2.215E-03 1.403E-03 1.586E-04 7.409E-03
3.089E-04 8.00E-05 6.340E-04 8.585E-04 9.926E-04 2.030E-03 1.352E-04 3.540E-03 2.814E-04 2.191E-04 7.507E-04 1.023E-03
2.180E-03 1.293E-03 2.173E-03 2.193E-03 1.569E-03 1.576E-03 2.120E-03 1.890E-03 1.183E-03 3.942E-03 3.382E-04 2.460E-04
1.914E-03 1.211E-03 2.953E-03 8.620E-04 2.068E-03 1.158E-03 1.348E-03 1.265E-03 2.008E-03 2.307E-03 1.606E-03 1.795E-03
2.346E-03 2.276E-03 1.077E-03 2.398E-03 1.740E-03 2.149E-03 1.115E-03 1.635E-03 2.926E-03 2.398E-03 2.758E-04 0.000E+00
1.568E-03 4.809E-03 3.923E-03 1.457E-03 1.322E-03 1.981E-03 1.162E-03 1.460E-03 1.021E-03 1.652E-03 1.420E-03 9.394E-04
2.765E-03 1.262E-03 1.997E-03 1.527E-03 7.782E-04 8.950E-04 2.266E-03 2.131E-03 1.654E-03 1.756E-03 1.788E-03 2.064E-03
1.255E-03 1.421E-03 1.565E-03 1.859E-03 1.752E-03 2.026E-03 1.884E-03 1.595E-03 9.817E-04 1.929E-03 1.648E-03 1.434E-03
3.717E-03 1.130E-03 1.338E-03 2.290E-03 1.040E-03 1.545E-03 1.361E-03 7.689E-04 8.940E-04 9.020E-04 2.275E-03 9.412E-04
4.422E-04 4.244E-04 2.075E-03 3.678E-04 4.659E-03 2.542E-03 1.747E-03 1.025E-03 1.750E-03 3.346E-04 1.227E-03 3.317E-04
3.766E-04 1.580E-04 1.580E-04 1.580E-04 1.239E-04 1.897E-04 4.098E-04 8.698E-04 2.398E-04 3.139E-04 8.160E-04 1.742E-04
2.301E-03 1.882E-03 9.275E-04 1.696E-03 1.939E-03 1.793E-03 1.488E-03 2.630E-03 2.009E-03 1.293E-03 1.232E-03 2.014E-03
3.004E-03 1.519E-03 2.105E-03 1.786E-03 1.658E-03 1.901E-03 2.643E-03 2.293E-03 1.053E-03 2.799E-03 1.582E-03 1.018E-02
1.124E-03 1.103E-03 4.154E-04 5.969E-03 1.046E-03 1.033E-03 1.343E-03 2.263E-03 1.379E-03 3.194E-03 2.051E-03 1.723E-03
2.105E-03 3.136E-03 2.503E-03 2.450E-03 1.607E-03 3.248E-03 3.708E-03 7.706E-04 3.755E-03 2.841E-03 2.539E-04 0.000E+00
8.629E-04 7.467E-04 3.412E-03 2.451E-03 1.025E-03 3.707E-03 3.696E-04 9.536E-04 2.240E-03 8.877E-04 1.064E-03 1.030E-03
1.739E-03 2.089E-03 8.604E-04 2.201E-03 1.360E-03 1.469E-03 1.755E-03 2.257E-03 1.675E-03 3.070E-03 3.541E-03 3.338E-04
4.004E-03 9.047E-04 1.352E-03 6.379E-04 2.138E-03 4.753E-04 2.944E-03 1.577E-03 1.487E-03 1.253E-03 1.156E-03 1.386E-03
6.096E-04 2.034E-04 2.031E-04 1.711E-04 3.559E-04 2.814E-04 4.394E-04 1.869E-04 1.513E-04 1.437E-03 2.022E-04 1.267E-04
1.550E-03 5.147E-04 4.609E-04 2.532E-03 2.073E-03 9.807E-04 2.771E-03 3.071E-03 1.460E-03 3.499E-04 4.863E-04 1.173E-03
3.375E-04 6.560E-04 6.560E-04 4.159E-04 3.079E-04 8.435E-04 1.185E-03 1.339E-04 9.38E-05 2.451E-03 2.451E-03 1.006E-03

Coverage bin



156-160 161-165 166-170 171-175 176-180 181-185 186-190 191-195 196-200
1.232E-04 1.085E-04 1.085E-04 4.981E-04 5.18E-05 4.116E-04 1.384E-04 2.816E-04 4.13E-05

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.341E-03 1.038E-03 8.502E-04 1.564E-03 1.257E-03 1.068E-03 2.293E-03 1.397E-03 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
8.954E-04 1.058E-03 1.348E-03 8.573E-04 8.120E-04 4.437E-04 7.974E-04 5.624E-04 1.437E-03
2.460E-04 2.460E-04 2.460E-04 2.460E-04 2.460E-04 2.460E-04 2.460E-04 2.460E-04 2.460E-04
1.929E-03 1.121E-03 1.581E-03 5.788E-04 1.102E-03 1.328E-03 1.569E-03 1.377E-03 0.000E+00

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.277E-03 1.707E-03 2.256E-03 1.313E-03 7.149E-04 7.242E-04 6.562E-04 1.412E-03 1.218E-04
2.633E-04 4.282E-03 1.753E-04 2.429E-02 2.429E-02 2.429E-02 2.429E-02 2.429E-02 2.429E-02
1.131E-03 3.865E-03 2.540E-03 4.795E-04 6.566E-03 2.144E-03 1.305E-03 1.305E-03 1.305E-03
5.900E-04 1.294E-03 2.184E-03 8.609E-04 1.648E-03 2.226E-04 0.000E+00 0.000E+00 0.000E+00
1.464E-03 8.336E-04 1.213E-03 1.331E-03 1.052E-03 5.686E-04 9.629E-04 2.101E-03 2.101E-03
2.907E-03 3.21E-05 1.454E-03 1.014E-03 1.403E-04 7.669E-04 2.994E-04 1.888E-04 1.424E-04
1.528E-03 1.635E-03 1.509E-03 1.844E-03 1.557E-03 3.211E-04 2.271E-02 2.271E-02 2.271E-02

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
5.947E-04 1.281E-03 8.246E-04 7.089E-04 7.644E-04 1.328E-03 8.888E-04 3.849E-04 6.575E-04

0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.005E-03 9.123E-04 1.912E-03 1.203E-03 9.266E-04 7.442E-04 7.801E-04 1.832E-03 8.05E-05
2.877E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
1.122E-03 1.300E-03 1.115E-03 1.727E-03 1.370E-03 1.668E-03 1.227E-03 3.234E-04 1.646E-02
3.382E-03 9.35E-05 1.948E-04 3.694E-04 1.494E-03 3.517E-04 7.046E-04 2.132E-04 8.90E-05
5.565E-04 1.971E-03 1.325E-03 6.082E-04 8.343E-04 4.643E-04 9.535E-04 7.864E-04 3.750E-04
1.140E-04 4.706E-04 1.446E-03 4.523E-04 2.866E-04 3.206E-04 2.488E-04 2.225E-04 2.235E-04

Coverage bin



Table S4 A. MR and DMR statistics by sample
Species Tissue Treatment Total MR Mean MR length Median MR length Bases within MR
C. rubella root 23°C 49282 559.773 275 27586732
C. rubella shoot 23°C 42465 677.143 333 28754892
C. rubella root 4°C 49920 538.310 274 26872421
C. rubella shoot 4°C 48433 569.099 308 27563162
A. lyrata root 23°C 62430 1044.704 505 65220895
A. lyrata shoot 23°C 57995 1165.004 545 67564397
A. lyrata root 4°C 62474 1049.729 506 65580766
A. lyrata shoot 4°C 54175 1278.907 584 69284797
A. thaliana root 23°C 28086 824.743 285 23163744
A. thaliana shoot 23°C 24319 973.973 315 23686061
A. thaliana root 4°C 28202 819.307 288 23106097
A. thaliana shoot 4°C 22808 1042.351 342 23773934

Table S4 B. MR and DMR statistics by species

Species Tissue Treatment Total MR Mean MR length Median MR length Bases within MR Total DMR
Mean DMR 

length
Median DMR 

length
Bases within 

DMR
C. rubella NA NA NA 582.731 296 32137551 8105 237.909 196 1928252
A. lyrata NA NA NA 1128.976 530 73342707 22168 331.097 249 7339750
A. thaliana NA NA NA 906.347 306 25508482 4103 254.822 206 1045535



Table S5. Genome alignment metrics.
Species Total bases aligned Total C/G Conserved context C/G mC (conserved context) Conserved mC Gain mC Loss mC
C. rubella 58492425 18518838 15138861 314046 117063 92638 40427
A. lyrata 58492425 18518838 15138861 331153 117063 100942 31624
A. thaliana 58492425 18518838 15138861 236977 117063 47863 72721



Table S6. MR presence at genomic features
Species Category Exon 5'UTR Intron 3'UTR Upstream
C. rubella all genes 6170 381 2579 715 4033
A. lyrata all genes 5351 2021 4328 2209 8755
A. thaliana all genes 5966 300 2027 557 3156
C. rubella orthologs 2771 128 890 263 1635
A. lyrata orthologs 348 94 597 196 2564
A. thaliana orthologs 2775 86 711 221 1128



Table S7. P values of pairwise MR overlap
Comparison Exon 5'UTR Intron 3'UTR Upstream
C. rubella - A. lyrata 4.17E-03 7.81E-01 0.00E+00 1.00E+00 0.00E+00
C. rubella - A. thaliana 0.00E+00 1.74E-04 0.00E+00 3.44E-03 0.00E+00
A. lyrata - A. thaliana 2.56E-02 2.22E-05 3.56E-13 8.06E-04 0.00E+00



Table S8 A. Two and three species MR overlap 

Exon 5'UTR Intron 3'UTR Upstream
No MR 9885 14017 12406 13658 10411
MR - 1 species 3004 277 1635 623 2716
MR - 2 species 1370 14 241 27 935
MR - 3 species 50 1 27 1 247

Table S8 B. Permutation values for two and three species MR overlap 

Exon 5'UTR Intron 3'UTR Upstream
No MR 9154 14011 12260 13653 9665
MR - 1 species 4737 308 2048 678 4292
MR - 2 species 707 10 145 24 626
MR - 3 species 28 1 8 2 42

Table S8 C.  Data exceeds permutation values for two and three species MR overlap 

Exon 5'UTR Intron 3'UTR Upstream
No MR TRUE TRUE TRUE TRUE TRUE
MR - 1 species FALSE FALSE FALSE FALSE FALSE
MR - 2 species TRUE TRUE TRUE TRUE TRUE
MR - 3 species TRUE FALSE TRUE FALSE TRUE

Overlap of MR at orthologs

Permutation of overlap of MR at orthologs

Overlap exceeds simulated value



Table S9 A. Gene body methylation by context (all genes)
Species Total gene number CG methylation CHG methylation CHH methylation CG expressed CHG expressed CHH expressed
C. rubella 24129 16718 2501 2544 12274 953 975
A. lyrata 31557 23158 6173 6415 14225 1475 1651
A. thaliana 27387 15733 1880 2348 11963 380 813

Table S9 B. Gene body methylation by context (orthologous genes)
Species Total ortholog number CG methylation CHG methylation CHH methylation CG expressed CHG expressed CHH expressed
C. rubella 13160 8795 717 744 7311 485 487
A. lyrata 13160 9635 954 1166 7939 686 841
A. thaliana 13160 7617 320 581 6506 171 413



Table S10. Three-way genome alignment site classes by context
Species Context Aligned All mC 3-way mC 2-way mC Gain mC Loss mC
C. rubella CG 1634764 288600 116786 103181 68633 39683
C. rubella CHG 2247539 8844 132 462 8250 336
C. rubella CHH 11256558 16602 145 702 15755 408
A. lyrata CG 1634764 305599 116786 111862 76951 31002
A. lyrata CHG 2247539 8630 132 538 7960 260
A. lyrata CHH 11256558 16924 145 748 16031 362
A. thaliana CG 1634764 222366 116786 70685 34895 72179
A. thaliana CHG 2247539 5466 132 596 4738 202
A. thaliana CHH 11256558 9145 145 770 8230 340



Table S11. DMP statistics by comparison
Species Total Tissue (23C) Tissue (4C) Treatment (root) Treatment (shoot) Tissue (both) Treatment (both) Other
C. rubella 464191 180419 205857 18089 29589 23336 16 6885
A. lyrata 1442130 686091 570122 39827 47609 93028 7 5446
A. thaliana 125423 55853 48911 5177 4849 10390 2 241



Table S12. DMR statistics by comparison
Species Total Tissue Treatment
C. rubella 8105 5700 288
A. lyrata 22168 18613 395
A. thaliana 4103 3210 74



Table S13. DMR presence at genomic features
Species Category Exon 5'UTR Intron 3'UTR Upstream
C. rubella all genes 405 17 298 54 671
A. lyrata all genes 1341 243 1188 273 1836
A. thaliana all genes 281 24 159 34 393
C. rubella orthologs 90 4 86 22 244
A. lyrata orthologs 94 7 176 35 437
A. thaliana orthologs 76 4 40 12 125



Table S14. P values of pairwise DMR overlap
Comparison Exon 5'UTR Intron 3'UTR Upstream
C. rubella - A. lyrata 3.21E-01 1.00E+00 1.57E-04 1.00E+00 1.10E-07
C. rubella - A. thaliana 1.00E+00 1.00E+00 2.65E-02 1.00E+00 8.38E-02
A. lyrata - A. thaliana 2.34E-02 1.00E+00 1.29E-04 4.35E-01 2.32E-02



Table S15 A. Two and three species DMR overlap 

Exon 5'UTR Intron 3'UTR Upstream
No DMR 14056 14294 14024 14241 13547
DMR - 1 species 246 15 268 67 719
DMR - 2 species 7 0 17 1 42
DMR - 3 species 0 0 0 0 1

Table S15 B. Permutation values for two and three species DMR overlap 

Exon 5'UTR Intron 3'UTR Upstream
No DMR 14057 14295 14016 14243 13533
DMR - 1 species 260 15 302 69 802
DMR - 2 species 8 1 9 3 30
DMR - 3 species 1 0 1 0 2

Table S15C.  Data exceeds permutation values for two and three species DMR overlap 

Exon 5'UTR Intron 3'UTR Upstream
No DMR FALSE FALSE TRUE FALSE TRUE
DMR - 1 species FALSE FALSE FALSE FALSE FALSE
DMR - 2 species FALSE FALSE TRUE FALSE TRUE
DMR - 3 species FALSE FALSE FALSE FALSE FALSE

Overlap of DMR at orthologs

Simulation of overlap of DMR at orthologs

Overlap exceeds simulated value



Table S16. DMPs at genomic features
Species Category Exon 5'UTR Intron 3'UTR Upstream
C. rubella all genes 10584 230 3926 827 2977
A. lyrata all genes 17549 672 7835 1096 7625
A. thaliana all genes 7412 93 1875 335 1695
C. rubella orthologs 5402 45 1841 370 1153
A. lyrata orthologs 7529 43 2778 269 2162
A. thaliana orthologs 3758 23 793 145 554



Table S17. DMP correlation with gene expression by feature
Species Comparison Exon Intron Upstream 5'UTR 3'UTR
C. rubella Tissue -0.0817 0.0061 0.1084 -0.0745 0.0070
A. lyrata Tissue -0.0646 -0.0318 0.0913 -0.1468 -0.0214
A. thaliana Tissue -0.1008 0.0014 -0.0188 -0.1748 -0.0487
C. rubella Treatment 0.0194 0.0203 0.0588 0.1313 0.0642
A. lyrata Treatment -0.0604 0.0471 -0.0099 0.0000 -0.0044
A. thaliana Treatment 0.0362 0.0390 -0.0333 NA 0.0111



Table S18. DMR correlation with gene expression by context
Species Context CDS intron upstream
C. rubella CG -0.1782 -0.1948 -0.1177
A. lyrata CG -0.2416 -0.0684 -0.0859
A. thaliana CG -0.1518 -0.2447 -0.1747
C. rubella CHG -0.2744 0.0326 0.1460
A. lyrata CHG -0.0292 0.0770 0.0290
A. thaliana CHG -0.4585 -0.1367 0.0987
C. rubella CHH -0.2673 0.0343 0.2184
A. lyrata CHH 0.1244 0.0266 0.0081
A. thaliana CHH -0.3753 -0.0296 0.2489



Table S19. Number of DMPs between replicates
Species Tissue Treatment Context Number of DMPs
C. rubella root 23°C CG 48
C. rubella shoot 23°C CG 260
C. rubella root 4°C CG 27
C. rubella shoot 4°C CG 28
C. rubella root 23°C CHG 26
C. rubella shoot 23°C CHG 372
C. rubella root 4°C CHG 33
C. rubella shoot 4°C CHG 56
C. rubella root 23°C CHH 196
C. rubella shoot 23°C CHH 9012
C. rubella root 4°C CHH 269
C. rubella shoot 4°C CHH 690
A. lyrata root 23°C CG 5845
A. lyrata shoot 23°C CG 11209
A. lyrata root 4°C CG 212703
A. lyrata shoot 4°C CG 6314
A. lyrata root 23°C CHG 911
A. lyrata shoot 23°C CHG 1260
A. lyrata root 4°C CHG 21232
A. lyrata shoot 4°C CHG 688
A. lyrata root 23°C CHH 350
A. lyrata shoot 23°C CHH 799
A. lyrata root 4°C CHH 8393
A. lyrata shoot 4°C CHH 287
A. thaliana root 23°C CG 2
A. thaliana shoot 23°C CG 1
A. thaliana root 4°C CG 3
A. thaliana shoot 4°C CG 5
A. thaliana root 23°C CHG 0
A. thaliana shoot 23°C CHG 0
A. thaliana root 4°C CHG 0
A. thaliana shoot 4°C CHG 1
A. thaliana root 23°C CHH 0
A. thaliana shoot 23°C CHH 0
A. thaliana root 4°C CHH 0
A. thaliana shoot 4°C CHH 0



Table S20. RNA-seq coverage and alignment statistics
Species Replicate Tissue Treatment Sample Name Read counts Mapped reads Uniquely mapped reads Pass quality threshold (30)
C. rubella 1 root 23°C ruR1Crt 5318062 3112856 3084205 2606363
C. rubella 1 shoot 23°C ruR1Cst 7336247 5101865 5017804 4490465
C. rubella 1 root 4°C ruR1Trt 5494219 3233928 3206313 2710305
C. rubella 1 shoot 4°C ruR1Tst 13420000 8663361 8514518 7238646
C. rubella 2 root 23°C ruR2Crt 7905410 4818010 4771033 4042079
C. rubella 2 shoot 23°C ruR2Cst 13229689 9242844 9111119 7735911
C. rubella 2 root 4°C ruR2Trt 6418070 3616100 3581960 3072624
C. rubella 2 shoot 4°C ruR2Tst 6280040 4131658 4059935 3464742
C. rubella 3 root 23°C ruR3Crt 9112065 5523276 5472680 4938805
C. rubella 3 shoot 23°C ruR3Cst 17805382 12127969 11926547 10677571
C. rubella 3 root 4°C ruR3Trt 7287573 4209767 4169996 3512520
C. rubella 3 shoot 4°C ruR3Tst 6546173 4270986 4194464 3510736
A. lyrata 1 root 23°C lyR1Crt 10560799 6224563 6053207 5343928
A. lyrata 1 shoot 23°C lyR1Cst 6919860 4420348 4263273 3769132
A. lyrata 1 root 4°C lyR1Trt 6196153 3148461 3071869 2540094
A. lyrata 1 shoot 4°C lyR1Tst 10898970 6794899 6595828 5492818
A. lyrata 2 root 23°C lyR2Crt 6191182 3552837 3455620 2901415
A. lyrata 2 shoot 23°C lyR2Cst 7931392 2649858 2510751 2161840
A. lyrata 2 root 4°C lyR2Trt 5430782 3123750 3047206 2581982
A. lyrata 2 shoot 4°C lyR2Tst 9935412 6434788 6246099 5265106
A. lyrata 3 root 23°C lyR3Crt 14979376 9230912 8971543 7966199
A. lyrata 3 shoot 23°C lyR3Cst 5699244 3538052 3415047 2823457
A. lyrata 3 root 4°C lyR3Trt 9407678 5572531 5433835 4540386
A. lyrata 3 shoot 4°C lyR3Tst 8641565 5648010 5477328 4866095
A. thaliana 1 root 23°C thR1Crt 10820919 6689126 6614770 5969343
A. thaliana 1 shoot 23°C thR1Cst 13626140 9084147 8962521 7557086
A. thaliana 1 root 4°C thR1Trt 8356957 5059712 5019260 4498031
A. thaliana 1 shoot 4°C thR1Tst 10251950 7207721 7121574 6128815
A. thaliana 2 root 23°C thR2Crt 12679579 8257305 8162827 7050999
A. thaliana 2 shoot 23°C thR2Cst 8305847 5867401 5786312 5203513
A. thaliana 2 root 4°C thR2Trt 5866246 1996604 1980277 1697763
A. thaliana 2 shoot 4°C thR2Tst 16614616 11733298 11593720 9824714
A. thaliana 3 root 23°C thR3Crt 13675597 9146105 9042668 7777927
A. thaliana 3 shoot 23°C thR3Cst 16323055 11320801 11165099 9464125
A. thaliana 3 root 4°C thR3Trt 7245439 4796007 4759049 4302689
A. thaliana 3 shoot 4°C thR3Tst 13206825 9108865 8996200 7712869



#####################################
Command Lines for processing BS reads
#####################################

### Filter reads with SHORE v0.8:
shore import -a genomic -b <folder_with_original_qseq_readfiles> -B 
1000000 --rplot -n 10% -g -c -k 40 --discard-trim-failures -h 2 -w 
2ndread -o <output_folder> -r <barcode_file> -l <lane_nr>

### Mapping with bismark v0.7.3:
bismark --seedlen 40 --seedmms 2 --maqerr 100 --chunkmbs 1024 --minins 
100 --maxins 1000 --ambiguous <reference_genome_folder> -1 reads_1.fq 
-2 reads_2.fq
bismark --seedlen 40 --seedmms 2 --maqerr 100 --chunkmbs 1024 --
ambiguous <reference_genome_folder> reads_single.fq

### Paired-end correction:
shore correct4pe -e 1 -l <sample_folder> -x 300

### Retrieving read counts:
shore methyl -n <sampleID> -f <reference_file> -o <output_dir> -i 
<samples_SAM_file> -b -a scoring_matrix_meth.txt -g 0 -m 0

############################################################

scoring_matrix_meth.txt:
support_core    3       4       5
support 3       4       5
support_inner_core      0       0       0
quality_max     20      30      35
quality_diff    20      10      5
startpos_core   3       4       5
cn_noise        0.3     0.15    0.05
quality_max_noncall     99      35      30
avg_hits        2       1.5     1.1
percent_mm      0.10    0.07    0.05
exp_obs 8.0     5.0     3.0
depth_obs       10.0    7.0     5.0
gc_cont 5       10      15
seq_complexity  0       1       3
pc      5       8       10
fwd_rev_ratio   30      10      5
left_right_ratio        30      10      5



#####################################
Command Lines for processing RNA-seq reads
#####################################

### Filter reads with SHORE v0.8:
shore import -a mRNA -b <folder_with_original_qseq_readfiles> -l 
<lane_nr> -o <output_folder> -n 10 -c -g -k 75 -r <barcode_file -h 1 -
w 2ndRead --discard-trim-failures  --rplot

### Mapping with bwa v0.6.1:
bwa aln -n 1 -t 4 <alignment_index> <sample_reads.fq> > <output.sai>

### Decompress bwa .sai file:
bwa samse <alignment_index> <sample.sai> <sample_reads.fq> > 
<output.sam>
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Abstract
Gene model annotations are important community resources that ensure comparability and
reproducibility of analyses and are typically the first step for functional annotation of geno-
mic regions. Without up-to-date genome annotations, genome sequences cannot be used
to maximum advantage. It is therefore essential to regularly update gene annotations by
integrating the latest information to guarantee that reference annotations can remain a com-
mon basis for various types of analyses. Here, we report an improvement of the Arabidopsis
lyrata gene annotation using extensive RNA-seq data. This new annotation consists of
31,132 protein coding gene models in addition to 2,089 genes with high similarity to trans-
posable elements. Overall, ~87% of the gene models are corroborated by evidence of
expression and 2,235 of these models feature multiple transcripts. Our updated gene anno-
tation corrects hundreds of incorrectly split or merged gene models in the original annota-
tion, and as a result the identification of alternative splicing events and differential isoform
usage are vastly improved.

Introduction
Arabidopsis lyrata is a predominantly self-incompatible, perennial plant species that diverged
from a common ancestor with A. thaliana approximately 10 million years ago [1]. Despite its
evolutionary closeness, its genome size is estimated to be between 230 to 245 Mb, or one and a
half times as large as the A. thaliana genome [2,3]. Except for A. thaliana, A. lyrata is the only
species within the family of Brassicaceae with a reference assembly exclusively based on high
quality dideoxy sequencing. This 207 Mb A. lyrata reference assembly attributed the difference
in genome size between the two species to the accumulation of many small deletions in the A.
thaliana genome primarily in non-coding regions and transposable elements (TEs) [1]. In
addition, A. lyrata has experienced recent genome expansion due to activity of TEs, in particu-
lar Copia long terminal repeat (LTR) retrotransposons [1,4,5], which is the basis for species-
specific patterns in DNA methylation [6].
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As A. lyrata is the closest fully assembled relative of A. thaliana, it serves as an important
out-group for evolutionary studies within A. thaliana [7–9]. Moreover, recent advances in
sequencing technology have enabled the assembly of an increasing number of Brassicaceae
genomes and their close relatives [4,5,10–19], which, together, are leveraged for comparative
genomics in this family. Intra- as well as inter-species comparisons, however, heavily rely on
the gene annotations of each species involved and high quality annotations even in the non-
model species become essential.

Methods for gene model annotation profited considerably from the invention of high-
throughput RNA sequencing (RNA-seq) [20,21]. Identification of genuine transcription start
and termination sites as well as intron/exon borders is a non-trivial task when using only refer-
ence sequences and homology data. Now, information on spliced alignments from RNA-seq
data can improve the identification of gene models [22,23] and also enable the annotation of
variant isoforms [24]. In particular, the gene annotations of model species have been updated
regularly despite only minor changes to the reference genome sequence [25].

The current gene annotation of the A. lyrata includes 32,670 genes and was generated using
a combination of ab initio gene prediction, homology to known proteins, as well as gene
sequences and expression data from related species [1]. Even though the gene models were ana-
lyzed for their expression support using RNA-seq data, gene prediction methods integrating
RNA-seq alignment information had not been developed at the time the assembly had been
generated. In a recent study, Haudry and colleagues supplemented the original annotation with
additional putatively transcribed regions in order to study the conservation of non-coding
sequences among related Brassicaceae species [14]. They integrated the results of additional ab
initio gene predictions, RNA-seq data alignments and homology searches against the genes of
A. thaliana in order to mask potentially un-annotated coding sequences and regions that
recently lost coding potential due to mutations.

Building upon the major efforts of the first annotation of A. lyrata genome (version-1 from
hereon) we have updated the gene models using diverse RNA-seq samples. Our annotation
(version-2 from hereon) has changed the coordinates of 29,141 of the original 32,670 gene
models, removed 1,286 and added 1,295 new models. This update corrected hundreds of gene
models, which were wrongly merged or split in version-1, and also separated transposable ele-
ment genes from other protein coding genes. Finally, we have analyzed the transcriptional
response of A. lyrata to heat stress to show the improved utility of version-2 for the identifica-
tion of differential isoform usage and pre-mRNA splicing.

Results and Discussion
Improving the A. lyrata gene annotation using transcriptional data
We sequenced the transcriptome of various A. lyrata aerial tissues, including whole rosettes,
dissected shoot apices, complete inflorescences, as well as vegetative rosettes exposed to cold
and heat stress (see Materials and Methods). In total, we generated over 290 million single-end,
strand unspecific short reads using Illumina sequencing technology after poly-A purification
(Table 1). Short reads were aligned to the A. lyrata reference assembly [1] using Bowtie v2.1.0
[26] and the splice junction mapper TopHat v2.0.9 [27] (see Materials and Methods). We
could align 89% of all reads, out of which 85% aligned uniquely and were used for further anal-
ysis. The proportion of unaligned reads was comparable to the proportion of unaligned reads
in similar experiments with A. thaliana, which presumably has one of the most complete refer-
ence genome sequences. Over 10% of the aligned reads matched to putative intergenic regions
indicating that some gene models may have been missed in the original version of the A. lyrata
gene annotation. Visual inspection of these intergenic alignments revealed the expected
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patterns for spliced transcripts indicating instances of unidentified gene models and cases
where transcription exceeded known gene boundaries (see Fig A in S1 Dataset).

New gene models were predicted from short read alignment data using Cufflinks 2.1.1 [22]
independently for each tissue. In total, Cufflinks predicted 31,194 distinct gene models across
all samples. An additional RNA-seq alignment-guided gene prediction using Augustus v.3.0.1
[28] identified 40,728 gene models, including 27,830 genes, which were supported by at least
five RNA-seq reads. Moreover, 30,483 and 30,837 of Augustus predicted gene models over-
lapped with version-1 and Cufflinks predictions, respectively (see Materials and Methods and
Fig B in S1 Dataset).

We combined 31,793 Augustus gene models with evidence of transcription or that over-
lapped with version-1 gene models to update the A. lyrata gene annotation (Fig 1A). To ensure
that we were not excluding any true gene models in version-1, we included 1,430 version-1
gene models that were not overlapping with any of the new gene models, but showed either evi-
dence of expression or featured an ortholog in at least one of the Brassicaceae species A. thali-
ana [29], Capsella rubella [4], Brassica rapa [10], Schrenkiella parvula [11] and Arabis alpina
[5]. This increased the number of gene models to 33,223 (see Materials and Methods). To iden-
tify and to correct cases where incorrect gene models may have been introduced into the ver-
sion-2 annotation, we utilized the very close phylogenetic relationship between A. lyrata, A.
thaliana and C. rubella. We compared all gene models that were considerably different between
version-1 and version-2 to A. thaliana and C. rubella orthologs (see Materials and Methods). If
the length of the version-1 open reading frame was closer to that of the orthologs, we retained
the version-1 gene model. This resulted in 548 version-2 gene models being replaced with 688
of the original version-1 gene models (Fig 1B). After additional removal of redundant gene
models we obtained a final set of 33,221 non-redundant gene models.

Based on a recent annotation of A. lyrata TEs [14] and sequence similarity to TE genes of A.
thaliana [25], we annotated 2,089 of the protein coding gene models as TE protein coding
genes (see Materials and Methods). Without these, version-2 comprised of 31,132 gene models,
which is ~13% more than in A. thaliana [25]. Although tRNA genes were described in the orig-
inal analysis of the A. lyrata genome [1], version-1 lacks information regarding these loci. By

Table 1. Short read statistics (read numbers in millions).

Tissue Sample Read length
(bp)

Raw
reads

Reads
aligned

Reads aligned uniquely (full-
length alignments)

Reads aligned uniquely
(spliced alignments)

Rosette (WT) Rep 1 96 16.0 11.9 8.3 3.0

Rosette (WT) Rep 2 96 12.0 9.1 6.0 2.7

Rosette (Heat stressed) Rep 1 96 17.6 13.1 9.7 3.4

Rosette (Heat stressed) Rep 2 96 5.9 4.6 3.1 1.2

Rosette (Recovered) Rep 1 96 15.6 12.6 5.6 4.1

Rosette (Recovered) Rep 2 96 5.8 4.5 2.8 1.3

Shoot apical meristem
(WT)

Rep 1 101 14.5 12.7 7.5 3.6

Rosette (WT) Rep 1 101 19.6 17.5 9.3 5.6

Rosette (WT) Rep 2 101 18.1 16.2 9.3 4.8

Inflorescence (WT) Rep 1 75 32.0 30.2 12.9 9.3

Inflorescence (WT) Rep 2 75 32.0 29.5 12.6 9.0

Rosette (WT and cold
stressed)

Rep 1 75–100 102.7 96.7 59.7 24.6

291.8 258.6 146.8 72.6

doi:10.1371/journal.pone.0137391.t001
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rerunning tRNAScan [30], we identified 660 tRNA genes coding for all 20 amino acids. For
completeness, we also incorporated 170 recently published miRNA genes into the new annota-
tion file [31].

Altogether, we updated the coordinates of 29,141 of the original gene models, removed
1,286 entire (mostly short) gene models, and added 1,295 new models (Fig 1C). Only 2,243
remained unaltered (including 688 version-1 gene models re-introduced due to their superior
similarity to orthologs). The new annotation accounted for 31,132 non-TE related gene models
including 27,084 multi-exonic genes of which 2,236 featured at least one alternative isoform
(Table 2).

Fig 1. Updating the genemodel annotation of A. lyrata. (A) Left, version-2 gene models predicted by Augustus [28]. Number of gene models overlapping
with version-1 (yellow), genes predicted with Cufflinks (red), and genes with expression evidence (blue). Right, gene models of the version-1 annotation.
Number of models without overlap to version-2 models (yellow), without orthologs in five other Brassicaceae (red), and without significant expression
evidence (blue). (B) Correlation of the lengths of A. lyrata gene models with the length of their orthologous gene models in A. thaliana. Left, A. lyrata version-1
gene models. Correlations using version-1 gene models (left), version-2 gene models before (middle) and after (right) the homology-based correction of gene
models. (C) Length distribution of gene models including genes that were removed or newly added in the version-2.

doi:10.1371/journal.pone.0137391.g001

Table 2. Comparison of version-1 and version-2 annotations.

# version-1 # version-2

Gene models 32,670 33,221

Predicted transcripts 32,670 35,805

Protein coding genes 32,670 31,132

TE coding genes - 2,089

miRNA genes - 170

tRNA genes - 660

Featuring ortholog (in at least one Brassicaceae) 23,996 24,146

doi:10.1371/journal.pone.0137391.t002
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Validating differences in gene model structure
Even after the above-mentioned homology-based gene length adjustments, we found cases
where the corresponding gene models from the two annotations varied drastically in length.
This included instances where multiple version-1 gene models were fused to form a single gene
model in version-2 or vice versa (Fig 2). In total, 161 version-1 genes were split (accounting for
530 genes in version-2) and 1,729 version-1 gene models were merged (accounting for 775
gene models in version-2). We randomly selected 14 version-1 gene models that had been split
into multiple gene models in version-2, and another 14 gene models that had been merged in
version-2, for PCR validation (see Fig C and D in S1 Dataset). One split case did not yield
gDNA bands indicating a technical problem in primer design. For three merge cases we
obtained cDNA bands of the expected size, but were not able to amplify genomic DNA for
primer validation. This was most likely due to large gDNA amplicon size (2.4–5 kbp) and

Fig 2. Examples of version-1 gene models split andmerged in A. lyrata gene annotation version-2. (A)
Example of a gene model that was split into two gene models in version-2. Reverse transcription-PCR could
not confirm the connection of both. (B) Example of version-1 gene models that were merged during the
annotation update. Reverse transcription-PCR confirmed presence of a transcript bridging the two version-1
genes.

doi:10.1371/journal.pone.0137391.g002
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rendered the results of these cases inconclusive. For all 24 remaining cases, PCR results fully
confirmed the annotation of the new gene models.

A. lyrata version-2 annotation in contrast to other Brassicaceae
annotations
For both A. lyrata annotations we predicted orthologous relationships between A. lyrata and
five other Brassicaceae species (see Materials and Methods). Using version-2 gene models,
77.5% of genes had an ortholog in at least one species (24,146 out of 31,132) (Fig 3A), com-
pared to 73% for version-1 (23,996 out of 32,670) (see Fig E in S1 Dataset). The number of
genes with orthologs in all five Brassicaceae was also slightly higher for version-2 with 15,105
genes versus 14,850 genes with version-1.

Fig 3. Comparing the A. lyrata gene annotation version-2 with the annotations of five other
Brassicaceae. (A)Orthologous gene models shared between A. lyrata (version-2), A. thaliana [29], A. alpina
[5], B. rapa [10], C. rubella [4] and S. parvula [11]. (B)Gene, Protein and UTR length distributions of above-
mentioned species including the new and old A. lyrata annotations. UTR distribution is only shown for A.
lyrata and A. thaliana because of poor UTR annotation in some of the other species.

doi:10.1371/journal.pone.0137391.g003
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The removal of many short gene models in version-2 changed the distribution of gene
model lengths (Figs 1C and 3B). Version-1 has an excess of gene models shorter than 1 kb with
a second mode around 1.5 kb, which describes a bimodal distribution that was only reflected
by gene length distribution of B. rapa In contrast version-2 had only a single mode around 1.7
kb, similar to the four other species. The length distribution of predicted protein sequences in
version-1 had also been distinct from the other Brassicaceae species, and this discrepancy
largely disappeared with version-2. A third factor that contributed to the length differences
between the genes of version-1 and version-2 were differences in UTR annotations (Fig 3B). In
version-1 33% of the genes were annotated without UTR information, however, in version-2
only 5% remained witout 3’ and 5’ UTR annotation. The absolute and relative contributions of
individual features are shown in Fig F in S1 Dataset. Though, absolute increase in genomic
space for all gene features was observed but CDS and UTRs are benefited the most. We also
observed little decrease in intronic genome space, which can be explained by introduction of
splice variants previously missing from version-1 annotation.

Whether the bimodal distribution in B. rapa reflects similar ambiguity in gene annotations,
or mirrors particular characteristics of B. rapa, including its ancient genome triplication and
subsequent fractionation, is not known.

New annotation enabled improved identification of alternative splicing
events
The availability of multiple isoforms from individual gene models in version-2 enables quanti-
tative expression comparisons between annotated isoforms. We analyzed RNA-seq data from
A. lyrata rosette tissues from untreated (WT), heat stressed (HS), and recovered (REC) samples
in duplicate (see Materials and Methods). We first analyzed the data for differential gene
expression using Cuffdiff v.2.0.2 [32]. WT and REC differed from HS at 3,114 and 2,962 genes,
whereas only 106 genes differed between WT and REC. This indicates, as expected, a strong
effect of heat stress on gene expression (see Materials and Methods). Cuffdiff was also used to
estimate differential expression between isoforms. We identified differential isoform expres-
sion at 283, 15 and 119 genes when comparing WT with HS, WT with REC, and HS with REC,
respectively. In contrast, as version-1 does not include different isoforms, which are prerequi-
site for isoform expression analysis as implemented in Cuffdiff, it was not possible run this
analysis using version-1.

We investigated differential splicing using a second tool, MATS v3.0.8 [33], which does not
rely on prior isoform annotations and only identifies differences in individual splicing events, but
not between entire transcripts. With version-2, MATS identified 177, 0 and 130 differential splic-
ing events distributed over 187 distinct gene models in the three comparisons (Fig 4; see Materi-
als and Methods). MATS reported only 99, 1 and 67 events affecting 103 gene models using
version-1. The overlap of different splicing events was very high (95 out of 103 (version-1) and
187 (version-2) gene models). Thus, almost all gene models with differential splicing events pre-
dicted based on version-1 were also predicted using version-2, however, the results based on ver-
sion-2 revealed many more gene models. This was partially due to newly added genes (10 cases),
but the most improvement came from the updates to exon-intron boundaries of existing gene
models indicating that the new gene annotation improved the overall utility of this resource.

The isoform-dependent (Cuffdiff) and-independent (MATS) analyses identified only 37
common gene models. Even though Cuffdiff revealed fewer events as compared to the MATS
analysis, it did identify 100 genes with differential isoform usage that were not included in the
set of genes with multiple isoforms. This suggests that differential isoform expression analysis
profits from prior isoform annotation, however, should not only rely on existing isoforms.
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Availability of the annotation and gene naming conventions
The version-2 annotation can be found in S2 Dataset. The gene identifiers have been updated
following the annotation principles applied to A. thaliana [29]. Gene numbering follows the
physical order of genes on chromosomes, where each gene is named “AL” followed by scaffold
number, then a “G” (for the first 8 scaffolds corresponding to the eight chromosomes) or “U”
(for unanchored scaffolds) and finally a unique number incremented by 10, to leave flexibility
for genes that were missed in this annotation. Genes that were removed from version-1 can be
found in S3 Dataset. A mapping of the gene model identifiers of version-1 to version-2 can be
found in S4 Dataset.

Conclusions
The updated annotation includes 31,132 gene models with 35,805 transcripts. We also reported
1,304 gene models that were erroneously split or merged in the previous annotation. Validation
of these models strongly supported our updates highlighting the importance of employing spe-
cies-specific RNA-seq data for annotating genomes.

We also provided a first annotation of alternative splicing events in A. lyrata. Using RNA-
seq samples for a heat stress experiment we demonstrated the improved utility of the version-2
annotation for differential isoform expression studies. This revised genome annotation
advances the reference sequence of A. lyrata as a community resource for comparative and
functional studies.

Material and Methods
Plant material
Arabidopsis lyrata subsp. lyrataMN47 plants were grown in soil under long day conditions (16
hours light, 21°C: 8 hours dark, 16°C). Vegetative rosettes and dissected shoot apices of three
week old plants and entire inflorescences of flowering plants were harvested as mock treated

Fig 4. Heat stress induces alternative splicing events. (A) Examples of differentially expressed isoforms in response to heat stress in A. lyrata.
AL3G42820 expresses a second isoform that lacks the middle exon in heat-treated samples (HS). Transcripts from wild-type (WT) and recovery (REC)
samples contain all three exons. AL2G15640 retains an intron in response to heat stress (HS) while wild-type (WT) and recovery (REC) samples show partial
intron splicing. (B) Number of differential splicing events, including alternative 5’ and 3’ splice sites, mutually exclusive exons, intron retention, and exon
skipping events identified with MATs based on version-1 and version-2 annotations.

doi:10.1371/journal.pone.0137391.g004
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samples. For heat stress and recovery treatments we incubated three week old plants at 37°C
for 6 hours or for an additional 48 hours at 21°C, respectively. Cold stressed samples were
treated as described [6].

Nucleic acids isolation and RNA-seq library preparation
DNA was isolated using Nucleon Phytopure kit (GE Healthcare). For total RNA isolation, sam-
ples were flash frozen in liquid nitrogen and used with Qiagen RNeasy1 Plant Mini Kit,
including an on-column DNase I digestion. Total RNA integrity was confirmed on the Agilent
BioAnalyzer. Barcoded libraries were constructed using the Illumina TruSeq RNA kit with
average of 1 μg of total RNA as starting material. The manufacturer's protocol was precisely fol-
lowed with one exception in the cold-treated samples where 12 PCR cycles were used instead
of the recommended 15. The library quality was monitored on a Bioanalyzer 2100 (Agilent)
and the libraries were sequenced as 100-bp single end reads using Illumina sequencing.

RNA-seq read mapping and gene predictions
RNA-seq data was mapped to the A. lyrata reference genome assembly [1] using Bowtie v1.0.0
[26] and TopHat v2.0.10 [27]. Cufflinks v2.0.2 [22] was used for de novo transcript identifica-
tion in all tissues separately. Cuffmerge (from the Cufflinks suite) was used to merge transcript
annotation files obtained for three tissues separately. In addition, all short reads were aligned
to the reference assembly of A. lyrata using BLAT v.34 [34] to generate an evidence file for
guided gene prediction using Augustus v3.0.0. A. lyrata specific configuration file was gener-
ated using the version-1 annotation. To estimate agreement between Augustus and version-1
gene models, gene models with> = 30% overlap (in respect to the shorter gene model) were
considered. Gene models supported by five or more RNA-seq reads were considered as
expressed irrespective of gene length.

To identify cases where wrong gene models were introduced in version-2, we first compared
version-2 proteins (23,181 comparable proteins) with corresponding version-1 proteins. A
total of 1,037 proteins were identified as outliers, where protein length difference was outside
the range of +/- standard deviation of the distribution of length differences. For these cases ver-
sion-1 and version-2 protein sequences were further compared against the proteins of their
orthologs in A. thaliana [29] and C. rubella [4]. If both orthologs were more similar in length
to the protein of version-1, the respective version-2 gene model was replaced with version-1.

Ortholog identification
Orthologous gene identification for both version-1 and version-2 was done separately at pro-
tein level using reciprocal best hits using blastall v2.2.25 [35] and an e-value cutoff 0.001
among five Brassicaceae species.

Identification of TE genes in version-2
Version-2 gene models harboring complete TEs [14] within their coding regions or were
entirely spanned by a TE were annotated as “TE coding genes”. In addition 3,909 A. thaliana
TE genes [25] and TIGR Brassicaceae specific repeat database [36] were used to identify TE
genes using blastn v2.2.25 [35].

cDNA preparation and PCR
Plants were grown on soil under long day conditions until the five-leaf stage reached after
approximately three weeks. cDNA samples were prepared from 1 μg total RNA of mock-
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treated rosettes using RevertAid First Strand cDNA Synthesis Kit with oligo d(T) primers
(Thermo Scientific). Reverse transcriptase minus samples were processed in the same way
without enzyme addition. PCR reactions were done in an Eppendorf thermal cycler using a
standard program and the products were visualized on agarose gels stained with ethidium bro-
mide. The PCR primer sequences can be found in S5 Dataset.

Differential gene expression and alternative splicing
Cufflinks [22] was used to calculate differential gene expression level (FPKM) with p-
value< 0.01 and log2-fold change difference of more than 2. MATS [33] was used to investi-
gate differential splicing events with over 0.01% splicing difference at a p-value< 0.01 and a
false discovery rate of less than 1%. To control for false positives, genes with 10,000 fold or
more expression difference were excluded.
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Abstract 27!

The ubiquity of non-parental hybrid phenotypes, such as hybrid vigor and hybrid inferiority, 28!

has interested biologists for over a century and is of considerable agricultural importance. 29!

Though examples of both phenomena have been subject to intense investigation, no general 30!

model for the molecular basis of non-additive genetic variance has emerged, and prediction of 31!

hybrid phenotypes from parental information continues to be a challenge. Here, we explore 32!

the genetics of hybrid phenotype in 435 Arabidopsis thaliana individuals derived from 33!

intercrosses of 30 parents in a half diallel mating scheme. We find that non-additive genetic 34!

variation is a major component of heritability in this population, and the genetic basis of hybrid 35!

phenotype can be mapped using genome-wide association techniques. Significant loci 36!

together can explain as much as 20% of phenotypic variation in the surveyed population and 37!

include examples that have both classical dominant and overdominant effects. Our study not 38!

only illustrates the promise of genome-wide association approaches to dissect the genetic 39!

architecture underpinning hybrid performance, but we also demonstrate the contribution of 40!

classical dominance to “missing heritability”. 41!

 42!

Author Summary 43!

Progeny of inbred parents are often more fit than their parents. Such hybrid vigor, also known 44!

as heterosis, has been observed in many species, but it is most extensively studied in plants. 45!

Exploiting hybrid vigor has been the focus of many agricultural breeding programs and the 46!

rewards of this approach are evident all around us. In maize, for example, hybrid seed has for 47!

many decades accounted for the majority of seed planted each year in North America and 48!

Europe. Despite the prevalence of this phenomenon and its agricultural importance, the 49!

genetic basis of heterotic traits is still unclear. We have used a large collection of first-50!

generation hybrids in Arabidopsis thaliana to characterize the genetics of heterosis in this 51!

model plant. We have identified loci that contribute substantially to hybrid vigor and show that 52!

a subset of these exhibits classical dominance, an important finding with direct implications 53!

for crop improvement.   54!
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Introduction 55!

The often observed phenotypic superiority of progeny relative to their parents, or heterosis, is 56!

a universal phenomenon and of great importance to plant agriculture. The earliest description 57!

of heterosis (also known as hybrid vigor or superiority) dates to Darwin’s studies of non-self 58!

fertilization in plants. He noticed that intercrossing distantly related individuals gave rise to 59!

larger, more vigorous progeny [1]. Four decades later George Shull coined the term 60!

“heterosis” [2] to describe Darwin's initial observations, which he and Edward East had 61!

independently rediscovered in 1908 [3,4]. Heterosis has long been of interest to evolutionary 62!

biologists as a potential explanation for the ubiquity of cross-fertilization in plants and animals, 63!

but it is also a central component of agricultural breeding programs. The combination of 64!

hybrid seed technology and inbred line improvement has driven an unprecedented 65!

improvement in maize yield over the past century [5]. Despite the economic importance of 66!

heterosis and its intensive investigation in a wide spectrum of species, prediction of hybrid 67!

performance from parental information remains a major challenge [6]. 68!

 In the terms of quantitative genetics, hybrid vigor (and its opposite, inferiority) 69!

describes a deviation of progeny from the phenotypic mean of the parents. This means that 70!

heterosis cannot be explained by the addition of the effects of contributing alleles (additive 71!

genetic variance) [7]. Non-additive genetic variance (dominance variance) can result from a 72!

non-linear phenotypic effect of alleles at one locus, as in the case of dominant/recessive allele 73!

pairs in classical genetics, or from epistatic interactions between loci [reviewed in 8]. Three 74!

non-mutually exclusive models of intralocus interactions are commonly invoked to explain 75!

heterosis. The overdominance model postulates that a single mutation may be beneficial in 76!

the heterozygous state [3,4,9], and it accounts for at least a few cases of heterosis 77!

[10,11,12,13] and hybrid inferiority [14,15]. The dominance hypothesis suggests that genome-78!

wide complementation of many rare, weakly deleterious alleles drives hybrid superiority 79!

[16,17,18], but the small effect size of individual loci would make it difficult, if not impossible, 80!

to generate direct support for this hypothesis. Finally, the pseudo-overdominance model also 81!

explains heterosis with the complementation of deleterious, recessive alleles, but proposes 82!

that when linked in repulsion, such alleles appear overdominant. Outside of these classical 83!
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models, some cases of hybrid inferiority [19,20,21,22] and hybrid superiority 84!

[23,24,25,26,27,28,29,30] have been linked to epistatic interactions between parental alleles.  85!

 The availability of completely homozygous natural collections has made the model 86!

plant Arabidopsis thaliana an excellent subject for studies of natural variation. These 87!

collections, in combination with whole genome re-sequencing data, enable replicated 88!

association mapping studies across varied environmental conditions. The drawback of highly 89!

inbred lines is that the contribution of dominance to phenotype cannot be assessed. 90!

Arabidopsis thaliana outcrossing rates of over 10% have been reported in the field, 91!

suggesting that dominance may contribute to phenotypic variation in natural populations [31]. 92!

Here we explore the magnitude of non-additive genetic variation in A. thaliana using a half 93!

diallel intercrossing scheme. This scheme was chosen because of its power to separate a 94!

line’s breeding value (additive contribution) from its performance in a specific cross (non-95!

additive contribution) [32]. Whole genome re-sequencing information is available for all 30 96!

parental accessions in our scheme [33] enabling construction of hybrid genotypes and 97!

genome-wide association (GWA) mapping of hybrid phenotypes. We show that non-additive 98!

phenotypes are pervasive in A. thaliana hybrids and that the genetic basis of such 99!

phenotypes can be uncovered using a modified GWA approach in our half diallel.  100!
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Results 101!

Experimental design and phenotypic analyses 102!

A half diallel was constructed by intercrossing 30 parental accessions of A. thaliana (Table 103!

S1). These accessions were chosen because they span much of the genetic diversity in the 104!

native range of the species and their genomes have been sequenced [33]. To facilitate the 105!

large number of intercrosses, male sterile lines were generated by artificial miRNA 106!

knockdown of the homeotic gene AP3, removing the need for manual emasculation (Materials 107!

and methods) [22]. Because manual crossing is known to influence trait values of the progeny 108!

even when using genetically identical parents [34], we manually self crossed each parental 109!

line using AP3 knockdown females and wild-type males as controls. This crossing scheme 110!

resulted in 435 hybrid genotypes and 2x30 parental genotypes (both normally and manually 111!

selfed lines). These were grown in 16°C long days in a completely randomized design with 5 112!

replicates per genotype (Materials and methods). Plants were phenotyped for multiple traits 113!

related to flowering time (days to flowering and leaves on the main shoot at flowering) and 114!

final rosette size (rosette diameter and rosette dry mass). Additionally, images were taken of 115!

young rosettes (21 and 29 days after sowing) and several rosette phenotypes were extracted 116!

from these images (Materials and methods).  117!

We often observed differences in phenotypes of progeny from natural self-fertilization 118!

and progeny from manual fertilization of AP3 knockdown females with pollen from isogenic 119!

siblings (Fig 1, Fig S1). While such differences between otherwise genetically identical 120!

individuals has been reported before [34], our much larger data set demonstrates that the 121!

effect is not directional, with progeny of the manual crosses not always being larger than their 122!

self-fertilized siblings (Fig 1, Fig S1). Importantly, the artificial miRNA itself is not the source of 123!

these differences as the presence of the transgene explains very little, if any, of the total 124!

phenotypic variance (Materials and methods). Instead, discrepancy between the phenotypes 125!

of these two groups of parental genotypes is likely the result of strong maternal effects. 126!

Knock-down of AP3 in the female parents greatly diminishes fruit production, potentially 127!

altering resource allocation. Regardless of the mechanism, the crossing process clearly 128!
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influenced the phenotypes of resulting progeny. With this in mind, we only used phenotypes 129!

from manually crossed parents in our analyses below. 130!

To understand the genetic independence of the measured traits we estimated their 131!

genetic correlation (Fig S2) (Supplementary materials). Several traits (days to flowering, 132!

leaves to flowering, and dry mass) were correlated and thus shared a genetic basis (Fig S2). 133!

The remaining rosette phenotypes were also correlated, but were not, or only very weakly, 134!

correlated to the flowering time traits, suggesting that the genetic basis of rosette size at 135!

specific time points and flowering are largely independent (Fig S2).  136!

 We next sought to estimate the relative contributions of additive and dominance 137!

components to overall phenotypic variation in our sample. With diallel designs, one can 138!

evaluate the breeding value of each parent, or its general combining ability (GCA). One can 139!

also estimate the performance of specific crosses or the specific combining ability (SCA) [32]. 140!

The SCA is a measure of deviation from the breeding values, or the expected performance of 141!

a line in a particular hybrid. Because additive and dominance genetic variance can be derived 142!

from estimates of GCA and SCA, respectively, it is possible to calculate both narrow- and 143!

broad-sense heritability using these designs (Materials and methods). We estimated GCA, 144!

SCA, and heritabilities for each phenotype (Fig 2A, Table S2) using a linear mixed model 145!

(Materials and methods). Total genetic variance (broad-sense heritability) ranged from 24% to 146!

78% of the total phenotypic variance (Fig 2A). Rosette traits of younger plants estimated from 147!

images seemed to have much lower broad-sense heritability than adult traits. Despite the 148!

large range of broad-sense heritability estimates, the dominance variance consistently 149!

accounted for 38-76% of the total genetic variance (Fig 2B). We conclude that non-additivity 150!

contributed substantially to the observed hybrid phenotypes.  151!

 The significant contribution of dominance to overall genetic variation suggests that 152!

hybrids frequently diverge from the mid-parent value, indicative of (mid-parent) heterosis or 153!

inferiority. For each hybrid-parent-trait combination we estimated the discrepancy of an 154!

observed hybrid phenotype from the mid-parent means (d, the dominance deviation) and its 155!

relationship to half the difference between the parents (a, the additive component) [7]. 156!

Because of the bidirectional discrepancy between self- and manually-fertilized parental 157!
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genotypes, phenotypic means from parental genotypes produced by manual crosses were 158!

used to estimate d (Fig S3) (Materials and methods). The ratio of d to a provides a scale-free 159!

estimate of the magnitude of hybrid superiority and inferiority (Fig 3). For all traits, this ratio 160!

was on average always different from zero, indicative of non-additivity (Fig 3) (Wilcoxon two-161!

sided test, p < 0.01 after Bonferroni correction for the number of traits). Additionally, rosette 162!

phenotypes of young plants displayed best-parent heterosis (area and perimeter, day 21 and 163!

29, and area growth). In these cases the median values of d/a were significantly greater than 164!

1 (Wilcoxon one-sided test, p < 0.005 after Bonferroni correction for the number of traits). The 165!

ratio of d to a illustrates that both mid- and max-parent heterosis occurred in the diallel (Fig 3); 166!

our experimental system is thus ideal for understanding the factors underlying non-additive 167!

phenotypes. 168!

 169!

Model selection, simulation of phenotypes, and power analyses 170!

Our next goal was to identify loci that were contributing to dominance and heterosis using 171!

GWASs. Typically, GWASs of continuous traits search for a linear relationship between 172!

genotypic class and a trait of interest. For binary phenotypes, such as those frequently used 173!

in human disease case-control studies, more complex genetic models, including dominance 174!

and overdominance, can be explicitly tested [35,36], but this is rarely done in the study of 175!

continuous traits. We selected two linear mixed models to search for associations between 176!

genotype and phenotype using FaST-LMM in the easyGWAS framework (Materials and 177!

methods) [37,38]. The first model used a standard linear additive SNP encoding, where the 178!

homozygous major allele was represented as "0", heterozygous as "1", and the homozygous 179!

minor allele as "2"; we refer to it as the “additive model” (Supplementary materials). The 180!

second model, referred to as the “overdominant model”, used a non-standard SNP encoding, 181!

where both homozygous classes were represented as "0" and the heterozygous genotype as 182!

"1" (Supplementary materials). For both models, the genetic similarity between individuals 183!

was estimated by computing the realized relationship kinship matrix using the appropriate 184!

SNP encodings [39] (Supplementary materials). In addition to fitting two different models to 185!

our data, we chose to search for association of variants with estimated trait means and the 186!
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dominance deviation d (Fig S3). By mapping the dominance deviation, or the discrepancy 187!

between the observed hybrid phenotype and the expected mid-parent value, we were able to 188!

remove potentially confounding additive effects, which might increase sensitivity to detect 189!

non-additive loci. The three tested models are summarized in Fig S4. 190!

 Because our design was different from those employed in previous A. thaliana 191!

GWASs, we used simulations to estimate the power we had to detect loci with additive or 192!

dominance effects (Materials and methods). We found that the additive model was extremely 193!

underpowered in this data set regardless of the variance explained, a proxy for effect size, or 194!

allele frequency of the causal SNP (Fig 4A) (Materials and methods). This could be the result 195!

of the correlation of such sites with population structure or of the limited genetic diversity of 196!

the source population. Simulations also showed that, in contrast to the additive model, the 197!

overdominant model had sufficient power to detect associations with SNPs that explained a 198!

range of variances and that had different minor allele frequencies (Fig 4B) (Materials and 199!

methods), emphasizing the importance of the diallel design in our study. 200!

 201!

Association mapping of additive and non-additive phenotypes 202!

In silico F1 genotypes were constructed by combining known parental genotypes (Materials 203!

and methods) [33]. Informative sites were required to have complete information, with a minor 204!

allele frequency of at least 10% in the diallel (Materials and methods). Due to the limited 205!

genetic diversity in the founding parents, many positions were in complete linkage 206!

disequilibrium (LD) across chromosomes (Materials and methods). These as well as positions 207!

in LD with ten or more additional sites were excluded (Materials and methods), leaving 208!

204,753 sites segregating in the diallel population (Fig S5, Fig S6).  209!

We used the three approaches described above to identify informative SNPs 210!

(Materials and methods) significantly associated with each phenotype in our population (Fig 211!

S4). Regardless of phenotype, no significant SNP was detected using the additive model (Fig 212!

5A, S7A, S8A, S9A) after correcting for multiple testing (Bonferroni threshold, p < 3x10-7) 213!

(Materials and methods), consistent with the low power observed in our simulation 214!

experiments. The overdominant LMM was fitted to both the trait means and the dominance 215!



! 9!

deviation d. Significant SNPs were detected for four phenotypes (Figs 5 B,C; S7 B,C; S8 B,C; 216!

S9 B,C) (Materials and methods), with many more associations for the dominance deviation 217!

than for the simple trait means (35 vs. 5 significant sites) (Table S3). Significant SNPs 218!

collapsed into nine regions; four of these were significant for multiple phenotypes (Table S4). 219!

To account for multiple testing across experiments, a more stringent Bonferroni correction 220!

was applied within each phenotype (division of individual significance threshold [0.05] by 221!

number of experiments per phenotype [3] x number of SNPs [204,753]) (Materials and 222!

methods; Tables S3 and S4). Most SNPs were retained even after correction within 223!

phenotype (Table S4). Phenotypes with lower heritability, particularly rosette phenotypes of 224!

young plants extracted from images, showed no association with any position in the genome. 225!

We also did not find any associations with adult rosette size, despite a broad-sense 226!

heritability of 0.62. In conclusion, we identified a number of genomic positions that are 227!

associated with both the trait means and the dominance deviation, suggesting that within-228!

locus interactions, either dominance or overdominance, contribute significantly to non-additive 229!

genetic variance. 230!

 231!

Significant SNPs contribute heavily to genetic variance 232!

To assess the contribution of within-locus interactions to previously undetected genetic 233!

variance or "missing heritability", the variance explained by each significant SNP was 234!

quantified and compared to the variance explained by all tested SNPs. Variance explained by 235!

all tested SNPs was computed using a LMM that fitted the kinship matrix to the phenotype of 236!

interest using a cross validation strategy (Materials and methods). The model was trained 237!

with a data set consisting of 90% of the hybrids and then used to predict phenotypes in the 238!

test data set, the remaining 10% of hybrids, with 1,000 repetitions. The variance explained by 239!

all tested SNPs accounted for 7 to 56 % of the total genetic variance (Fig 6A) using the 240!

additive encoding, while it ranged from 18 to 45% (Fig 6B) using the overdominant encoding, 241!

similar to earlier estimates of dominance genetic variances (Fig 2). We conclude that our 242!

strategy enabled excellent phenotypic predictions and subsequent estimation of variance in 243!
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our diallel, but we note that variance estimates cannot be necessarily extrapolated to other 244!

genotypes [40]. 245!

 We further estimated the contribution of the significant loci to variation in the diallel 246!

(Materials and methods). For traits with significant SNPs, we found that an individual SNP 247!

generally had a large marginal effect and could explain from 0.02 to 19.6% of the phenotypic 248!

variance (Fig 7A). The contribution of all significant SNPs was calculated using a ridge 249!

regression model, together with the cross-validation strategy described above, to account for 250!

non-independence, or linkage, between significant SNPs (Materials and methods). We found 251!

that significant SNPs account for a large fraction of the total genetic variance, explaining up to 252!

20% of the total genetic variance for some traits (LTF d and rosette dry mass d) (Fig 7B). 253!

 254!

Multi-locus SNP associations 255!

In addition to single SNP tests, we searched for multi-locus associations using a network-256!

guided approach implemented in SConES [41]. This approach leverages the protein 257!

interaction network of A. thaliana to search for SNPs that together influence a phenotype; 258!

however, it does not explicitly test for epistasis between pairs of loci [41]. Associated SConES 259!

SNPs likely contribute to phenotypic variance either via the sum of multi-locus additive effects 260!

or allelic heterogeneity at a single locus, where multiple, unlinked SNPs in or near to a gene 261!

have similar phenotypic consequences. For each phenotype investigated with SConES, 262!

between 0 and 324 SNPs were linked to the trait of interest (Table S5, Table S6), explaining 263!

up to 40% of the total genetic variance of d when fitting the overdominant genetic model (Fig 264!

8A). Less genetic variance could be explained when fitting the overdominant model to the 265!

predicted mean phenotype (Fig 8B). The genetic variance explained by SConES SNPs is not 266!

necessarily independent from the variance explained by SNPs detected via traditional 267!

association mapping, but in this case only a single SNP was detected with both methods 268!

(Table S4, Table S6). 269!

 270!
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Significant SNPs and historical models of heterosis 271!

Historical models of heterosis have specific predictions regarding the allele frequencies of 272!

causal loci. In the dominance model, causal loci are expected to be rare in the population, 273!

while the overdominance model forecasts intermediate frequencies of such loci [reviewed in 274!

8]. Minor allele frequencies of all tested SNPs were estimated in the 80 re-sequenced 275!

genomes, from which the 30 diallel parents were drawn [33]. Minor allele frequencies for 276!

SNPs with significant phenotypic associations either based on single-site associations (Fig 277!

9A) or via SConES (Fig 9B) were compared to the allele frequency distributions of all tested 278!

SNPs (Materials and methods). Significant SNPs had much lower minor allele frequencies 279!

than the background test sets (Fig 9A,B). Additionally, random sampling of SNPs from the 280!

test sets demonstrated that median allele frequencies of the random draws were always 281!

higher than that of the actual data (Permutation test, p < 0.002 for 1000 permutations) (Fig 282!

9A,B) (Materials and methods). Because of statistical limitations in GWASs, it is important to 283!

note that we were unable to query the effects of truly rare variants. 284!

 The significant SNP set was collapsed into nine distinct regions and the effects of 285!

these regions included both overdominant and dominant types (Table S7, Fig S10). The most 286!

sensitive experiment, where the dominance deviation was fitted with an overdominant model, 287!

detected SNPs in most regions (Table S3, S4). Of the nine regions, four behaved dominantly 288!

and three overdominantly or pseudo-overdominantly with respect to the trait mean (Table S7, 289!

Fig S10). The remaining two regions also tended toward overdominant behavior, but the 290!

effect was mild. If overdominant (d/a>1), or underdominant (d/a<-1), phenotypes were, in fact, 291!

the result of multiple dominant loci, then the magnitude of d should increase upon inclusion of 292!

additional loci. To test this, multi-locus genotypes of dominant regions were correlated with 293!

trait means. The phenotypic behavior varied by multi-locus genotype and for some 294!

combinations did, in fact, exhibit a trend towards overdominance (Fig S11) suggesting that at 295!

least a portion of heterotic phenotypes can be attributed to the combination of multiple, 296!

unlinked dominant loci.  297!

 The dominance hypothesis predicts that the degree of heterosis exhibited by a hybrid 298!

will correlate with genetic distance between the parental genotypes [42,43,44]. Pairwise 299!
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genetic distances were calculated for all hybrids across the entire genome at a variety of 300!

annotated sites (intergenic, intron, synonymous sites, non-synonymous sites, etc.). 301!

Regardless of annotation, correlation between genetic distance and estimates of d/a were 302!

only occasionally significant (Fig S12), with the direction of such rare correlation varying by 303!

phenotype. Flowering time traits (DTF and LTF) were significantly positively correlated with 304!

genetic distance for several polymorphism categories (maximum Spearman rank correlation 305!

coefficient < 0.16). In contrast, rosette perimeter and diameter traits were negatively 306!

correlated with genetic distance (minimum Spearman rank correlation coefficient > -0.16). 307!

Lack of correlation in the levels of heterosis across traits has been observed before [45] and 308!

other studies have failed to detect a relationship between genetic distance and the magnitude 309!

of heterosis [34,46,47,48].  310!

 311!

Candidate genes are associated with relevant biological processes 312!

To gain insight into the biological relevance of each association experiment, gene ontology 313!

(GO) analysis was performed using the top 1,000 SNPs associated with each trait (Materials 314!

and methods). Flowering time related traits were associated with long-day photoperiodism, 315!

photomorphogenesis and GO terms related to post-transcriptional regulation (Table S8). 316!

Growth related traits extracted from the images of young plants were associated with GO 317!

terms related to energy production via oxidative phosphorylation in the mitochondria. Though 318!

many of these SNPs were not significant using a Bonferroni significance cutoff, the 319!

enrichments observed in GO analyses suggest that our study detected additional contributing 320!

loci (Table S8). 321!

 We measured LD surrounding high confidence SNPs in order to identify putative 322!

candidate genes (Materials and methods). The nine significant regions collapsed into eight 323!

linkage blocks (Table S7). In some cases, LD decayed quickly around the significant SNPs, 324!

allowing the identification of high confidence candidate genes (Fig 10, S13, Table S7). One 325!

region in particular, HV1.3, which has a dominant phenotypic effect on leaf number at 326!

flowering, exhibits rapid LD decay (Fig 10). This short haplotype block spans a single gene, 327!

AGAMOUS-LIKE 50 (AGL50), which encodes a MADS-box transcription factor. Many other 328!
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members of the MADS-box family play critical roles in flowering time control [49,50,51], but 329!

the functions of AGL50 and its closest paralog AGL49, which belong to a poorly characterized 330!

clade of the MADS-box family [52], have been unknown. We thus uncovered a possible role 331!

for a type I MADS-box gene using heterozygous allelic status, which despite extensive 332!

functional studies of MADS-box genes had not been linked to flowering before.   333!
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Discussion 334!

The contribution of dominance to unexplained genetic variance 335!

There is often a discrepancy between the heritability of a trait and inheritance in families on 336!

the one hand and the genetic variance explained by loci identified in GWASs on the other 337!

hand. This discrepancy is often referred to as “missing heritability” and the potential causes 338!

are a subject of ongoing, intense debate in the field of quantitative genetics [reviewed in 339!

53,54,55,56]. Proposed explanations include the lack of power to detect loci of small effect 340!

[reviewed in 53,57], the importance of rare variants [reviewed in 53,55], the contribution of 341!

multiple different alleles at the same locus (allelic heterogeneity) [41,58,59,60], the change in 342!

allelic effects across environments [56], and the interactions between or within loci [61]. We 343!

leverage the power of replicable inbred lines in A. thaliana and a carefully chosen 344!

intercrossing scheme to explore the contribution of non-additive variance to phenotypic 345!

variability. Non-linear models are typically ignored in the analysis of continuous traits [53], but 346!

we find that a considerable portion of genetic variance is attributable to dominance and can 347!

be mapped when non-additivity is explicitly considered. This approach reveals loci that would 348!

go undetected using standard models, and suggests that a portion of missing heritability is 349!

likely derived from dominance. 350!

 Though we cannot exclude a role for epistasis, we found that a single heterozygous 351!

position can contribute up to 20% of the genetic variance (Fig 7A) and that the marginal effect 352!

of significant SNPs is the result of single locus classical dominance in some cases. An 353!

indirect test for multi-locus effects using the network-guided SConES approach [41] suggests 354!

that allelic heterogeneity or multi-locus additive effects may account for additional phenotypic 355!

variation in our population, and most of the loci identified in single locus scans do not overlap 356!

with significant SNPs from SConES. As neither set of SNPs can explain all of the genetic 357!

variance, we hypothesize that both intra- and interlocus interactions contribute to non-358!

additivity in our population, and that the genetic basis for both contributions is largely non-359!

overlapping. 360!

 361!
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Arabidopsis thaliana in the context of historical heterosis models 362!

For nearly 100 years geneticists have sought to develop a unified model explaining heterosis. 363!

Three leading hypotheses of intralocus interactions have been developed. The dominance 364!

hypothesis suggests that individuals in a population carry a suite of rare, slightly deleterious 365!

mutations that have not yet been purged by purifying selection [16,17,18,62,63]. The efficacy 366!

of selection to remove weakly deleterious mutations is reduced in small populations, and 367!

correspondingly, the dominance hypothesis has generally received the most empirical support 368!

from studies of inbreeding depression [64,65,66,67]. If heterosis is the reverse of inbreeding 369!

depression, then the degree of heterosis should positively correlate with the genetic distance 370!

between parents and causal alleles should be rare with small phenotypic effects 371!

[8,42,43,44,64]. Several dominantly acting loci have been shown to contribute to heterosis 372!

[29,68,69], and, more recently, heterosis associated loci in maize have been shown to be 373!

enriched for deleterious mutations [70]. Although dominance remains the prevailing 374!

hypothesis, some of its assumptions are not consistently supported; the correlation between 375!

the degree of heterosis and the genetic distance between parents is not always evident 376!

[34,46,47,48,71,72,73,74] and some loci of moderate effect sizes have been identified 377!

[29,68,69].  378!

 The overdominance hypothesis suggests that a very small number of overdominant 379!

loci with large effects explain the majority of heterotic phenotypes [3,4,9]. This alternative 380!

hypothesis is extremely attractive to applied researchers because overdominant loci can be 381!

easily integrated into breeding programs. A number of studies have identified overdominant 382!

QTL associated with hybrid vigor [23,24,69,73,75,76], but molecular identification of casual 383!

variants is rare. Though a few cases of truly overdominant loci have been confirmed 384!

[10,11,12,13], in one example, fine mapping of overdominant QTL has separated a single 385!

overdominant locus into multiple, dominant loci acting in repulsion [77]; a situation called 386!

pseudo-overdominance, which represents the third common hypothesis for heterosis. 387!

 Our experiments focus on two groups of traits related to fitness in A. thaliana, 388!

flowering time and plant growth/size. We find evidence for non-additive genetic variance in 389!

both types of traits, and, excluding DTF, all traits have median values of d greater than 0 390!
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consistent with mid-parent heterosis (Fig 3). The shift towards positive values of d is stronger 391!

for early growth traits, suggesting that the genetic architectures of hybrid traits, and their 392!

relationship to the general models of heterosis, may differ. Indeed, heritability is much higher 393!

for flowering traits, and all but one locus from our GWASs control flowering time.  394!

Our data are a poor fit for the dominance model, as we find overdominant and 395!

dominant loci of medium to large effect. The variants at these loci, while segregating at lower 396!

frequency than background SNPs, do not classify as rare by population genetic standards. 397!

Furthermore, there is only a weak positive correlation of non-additivity with genetic distance 398!

for most traits, and the strongest evidence for any relationship is a negative correlation with 399!

rosette diameter (Fig S12). It is important to note that most of our observations are derived 400!

from an analysis of flowering time. It is possible that the small number of causal loci identified 401!

for early growth related traits is indicative of control by many small effect loci or greater 402!

environmental variance in these traits as indicated by their lower heritability. Still, one locus 403!

significant for growth could be identified, SNPs that best associate with growth are not 404!

randomly distributed across GO annotations (Table S8), and the SConES network approach 405!

identifies additional SNPs that explain a considerable fraction of growth related phenotypic 406!

variance (Fig 8). Together these results suggest that heterosis for growth in A. thaliana may 407!

be attributable to loci of smaller effect that can be detected in an appropriately powered 408!

experiment. 409!

 Several previous studies of heterosis using controlled crosses in A. thaliana have 410!

identified loci that exhibit all possible modes of gene action, including additive, dominant, and 411!

epistatic interactions [26,27,28,78,79,80]. Lack of support for the major heterosis hypotheses 412!

is also evident in crop species, particularly in maize and rice. Maize is a classical model for 413!

investigating heterosis, and this outcrossing species is cited frequently as supporting the 414!

dominance model of heterosis [18], even though several overdominant QTL have been 415!

identified [29,30,73]. Rice, in contrast, has been touted as a model crop system that supports 416!

the overdominance hypothesis, even though all three modes of gene action have been 417!

uncovered in this predominantly selfing species as well [23,24,29,68,69]. The dichotomy 418!

between these two model crop species has been attributed to their alternative mating 419!
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strategies; the large effect loci that we have found in A. thaliana, a selfing species, support 420!

this argument. 421!

That both types of single-locus genetic interactions can underlie heterotic phenotypes 422!

in multiple species suggests that both single gene dominance and overdominance truly occur, 423!

or that pseudo-overdominance is more prevalent than expected. Additionally, it is also 424!

possible that putatively deleterious, dominant loci have pleotropic effects. If such loci 425!

contribute positively to a second phenotype they could be retained during evolution for longer 426!

than expected from their deleterious effects. Regardless of genetic behavior, the existence of 427!

large-effect, Mendelian loci driving heterosis is a considerable boon to plant breeding 428!

programs where they could easily be integrated into elite material.  429!
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Materials and Methods 430!

Generation of plant material 431!

A half diallel was constructed by manually intercrossing 30 inbred strains of A. thaliana [33], 432!

facilitated by male sterility induced by an artificial miRNA targeting the homeotic genes AP3 433!

[22]. In addition to the 435 hybrid combinations generated with this method, 30 manual self 434!

crosses of the parental strains were performed using the same strategy. This ensured that the 435!

maternal environments of the hybrid and parental genotypes were equivalent. A list of hybrid 436!

and parental genotypes used in this study can be found in Table S1.  437!

 438!

Experimental design 439!

In total, 5 replicates of 495 genotypes were surveyed in this experiment (435 hybrid 440!

genotypes, 30 parental genotypes from manual crosses, and 30 self-fertilized parental 441!

genotypes). Five unsterilized seeds for each replicate were aliquoted into 1.5 ml tubes with 442!

500 µl of ddH20. Seeds were stratified in the dark at 4°C for 10 days. After stratification seeds 443!

were sown into soil (CL T Topferde, www.einheitserde.de) pots in a completely randomized 444!

design. Flats were covered with humidity domes and placed into 16°C growth chambers 445!

under long day conditions (16 hrs light: 8 hrs dark) at a relative humidity of 65%. Light bulbs 446!

were a mixture of Sylvania Cool White Deluxe to Warm White Deluxe fluorescent bulbs (4:2) 447!

(http://www.havells-sylvania.com/). Humidity domes were removed after one week and pots 448!

were manually thinned to one plant per pot. Plants were subsequently phenotyped for a 449!

variety of traits: days to first open flower (days to flowering - DTF), rosette leaf count at the 450!

first open flower (leaves to flowering - LTF), rosette diameter, and rosette dry mass. Once the 451!

plants had produced ~10 siliques, the plants were sacrificed. At this point, the rosette 452!

diameter was measured, the rosettes were placed into paper bags and dried at 80°C for 24 453!

hours. After the rosettes were completely desiccated their weight was measured and 454!

recorded. Additionally, images of each tray were taken at days 21 and 29. From these images 455!

the following measurements were extracted using a custom imageJ [81] macro: area (day 21 456!

and 29), perimeter (day 21 and 29), area growth (day 29 - day 21 / 8), and perimeter growth 457!

(day 29 - day 21 / 8). In summary, the macro automatically segmented the images by 458!
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removing the background and returned rosette area and perimeter values in pixels for each 459!

plant. Since the maternal plants were hemizygous for the artificial miRNA targeting AP3, 460!

progeny derived from these crosses were segregating for the transgene. Plants that carry the 461!

transgene were easily identified based on their floral and fruit morphology. To ensure that the 462!

transgene did not alter the measured phenotypes, we recorded the artificial miRNA status of 463!

each plant for use as a covariate in later analyses. Additionally, the dates that the plants were 464!

sacrificed for rosette measurements were recorded for use as a potential covariate.  465!

 466!

Handling of missing data and data normalization 467!

Overall, germination rates were high in this experiment. Out of 495 surveyed genotypes, only 468!

9 completely failed to germinate (7 hybrids and 2 manually selfed parents) and these lines 469!

were excluded from further analyses (Table S1). Of the remaining lines, 98% of plants 470!

germinated. Most germination failures only occurred in a single replicate (Fig S14).  In these 471!

cases (58 in total), the missing phenotypes were imputed as the mean of the phenotyped 472!

replicates for each genotype. After exclusion of genotypes with failed germination and 473!

imputation of the remaining missing data, each phenotype was Box-Cox transformed to 474!

improve the normality of the data (Fig S15). 475!

 476!

Estimation of GCA, SCA, and heritability 477!

A traditional ANOVA approach was not appropriate for our data because there are some 478!

missing data [32]. Instead, variance components were estimated using a linear mixed model 479!

implemented in SAS using a Restricted Maximum Likelihood (REML) estimation method [82]. 480!

The SAS code is available in Text S1 and is a modified version of the code available on Fikret 481!

Isik's webpage 482!

(http://www4.ncsu.edu/~fisik/Analysis%20of%20Diallel%20Progeny%20Test%20with%20SAS483!

.pdf). Only hybrid genotypes were used. The following linear mixed model was fitted to the 484!

transformed data: 485!

!!"# = ! + !! + !! + !!" + !!"# . 
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Here, !!"# !is the l-th phenotypic observation for the jk-th cross, !!is the overall mean, !! !or 486!

!!!is the random general combining ability (GCA) of the j-th female or the k-th male, !!"!is the 487!

random specific combining ability (SCA) of the j-th female and the k-th male, and !!"# !is the 488!

error term. All terms were expected to be normally distributed. This model can also be written 489!

in matrix format: 490!

 ! = !" + !" + !. 491!

Here, ! is a vector of observations, ! is a vector of the fixed effects parameter (overall mean), 492!

!!is the vector of random effects parameters (GCA and SCA), !is the random error vector, ! 493!

is the known design matrix for the fixed effects, and !!is the known design matrix for the 494!

random effects. In SAS, the !!design matrix was constructed by hand using PROC IML to 495!

associate each individual with its respective parents. Next, PROC MIXED was run on the data 496!

using the above model. Variance components and covariances of variance components were 497!

extracted from the model and used to calculate both broad- and narrow-sense heritability (as 498!

well as their standard errors). Since our parents were not derived from a randomly mated 499!

population, the additive (!!!) and dominance (!!!) genetic variance and the total phenotypic 500!

variance (!!!) in our data were as follows [32]: 501!

!!! = 2!!"#! , 

!!! = !!"#! , 

!!! = 2!!"#! + !!"#! + !!""#"! . 

Both narrow- (ℎ!!) and broad-sense (!!!) heritabilities were calculated from these values [32]: 502!

!!! =
!!! + !!!
!!!

, 

ℎ!! =
!!!
!!!
. 

 503!

Estimation of mean genotypic values 504!

A linear mixed model was fitted to each Box-Cox transformed phenotype using the package 505!

lme4 in the R statistical framework [83]. For each phenotype, the following model was fitted: 506!

!!"# = !!" + !!" + !!"# 

ε
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where !!"!is the random genotypic effect of the j-th female and the k-th male, !!" is the 507!

random effect of the amiR AP3 transgene on the hybrid cross of j-th female and the k-th male, 508!

and !!"# is the error term. For each phenotype, the above model was fitted with and without 509!

the transgene variable and the significance of this term was tested. In a few cases the 510!

transgene term was not significant and was subsequently removed from the model (DTF, 511!

LTF, and Dry mass). In the remaining cases, the transgene explained only 0.02-2.18% of the 512!

total phenotypic variance. After model fitting, the coefficients of each genotype were extracted 513!

from the model and used for all subsequent analyses. Broad-sense heritability was also 514!

calculated from these models: 515!

!!! =
!!!
!!!
. 

Here, !!! is the variance due to the genotype term (!!") and !!! is the total phenotypic 516!

variance. The broad-sense heritability estimates were comparable to those derived from SAS 517!

(Fig 2). 518!

 519!

Calculation of the dominance deviation 520!

The predicted genotypic values of hybrid and manually selfed parental genotypes were 521!

extracted from the linear model. Using these values standard quantitative genetic 522!

components of phenotype were calculated [7]. The dominance deviation d was calculated as 523!

the distance of the hybrid phenotype from the mid-parent value, or mean of the two parental 524!

genotypes. Two of the 30 manually selfed parental genotypes did not germinate and as a 525!

result the dominance deviation could not be calculated for hybrids generated from these two 526!

parents (Bak-2 and ICE61) (Table S1). For subsequent analyses only 372 hybrid genotypes 527!

were used. 528!

 529!

Generation of F1 genotypes and SNP filtering 530!

In silico F1 genotypes were constructed from parental genome sequences (TAIR10) [33]. 531!

Before generation of hybrid genotypes, parental genotypes were filtered to remove 1) all sites 532!

that lacked complete information, 2) all sites that were not polymorphic, 3) all triallelic sites 533!
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(with respect to the reference), and 4) all singletons. 723,403 SNPs remained after filtering. 534!

Because the parental genotypes are few, there is extensive long-distance LD between sites. 535!

To remove such sites we first encoded all 723,402 SNPs using the standard additive 0,1,2 536!

encoding, where 0 is the major, 1 the heterozygous, and 2 the minor allele. After encoding, 537!

75,346 SNPs are only observed once within this population. We then created categories for 538!

how often a specific SNP pattern across all individuals was observed within our dataset 539!

(“Pattern occurrence”). These categories ranged from 2 to 7,364. For example, a SNP is 540!

located in "category 2" if this SNP shares the same pattern with exactly one other SNP in the 541!

genome and into "category 1,000" if the SNP in question shares the same pattern with exactly 542!

999 other SNPs. In Fig S5 the cumulative number of SNPs for all categories is plotted. We 543!

observe that 32.97% of all our SNPs fall into the categories 1-10, which includes all distinct 544!

SNPs plus the number of SNPs for each of the categories from 2 to 10. Approximately 38% of 545!

all SNPs fall into the categories 100 – 7,364. Next we evaluated whether SNPs with shared 546!

patterns were located on the same chromosome or distributed across multiple chromosomes. 547!

Fig S6 shows the distribution of SNPs across chromosomes for categories 2-20. For the final 548!

SNP set, we allowed SNPs to share their pattern with up to 9 other positions (categories 1-549!

10), but we removed all sites that exhibited complete long distance LD across chromosomes. 550!

The final data set consisted of 204,753 SNPs and these sites were used for all association 551!

mapping experiments. 552!

 553!

Genome wide association mapping (additive model) 554!

All GWASs were conducted using the easyGWAS framework [37]. We used a local copy of 555!

easyGWAS and custom C/C++ and Python implementations of the FaSTLMM [38] algorithm. 556!

For the additive model, the homozygous major allele is encoded with "0", the heterozygous 557!

genotype with "1" and the homozygous minor allele with "2". The genetic similarity between all 558!

genotypes was estimated by computing the realized relationship kinship matrix [39] on the 559!

additively encoded genotype data. This kinship matrix was used in the FaSTLMM model to 560!

account for confounding due to population stratification and cryptic relatedness. The additive 561!

model was only run on the predicted phenotypic values. Genomic control (GC) values were 562!
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computed to assess the degree of inflated test statistics [84]. GC is measuring the deviation 563!

of the observed median test statistics from the expected one. GC values larger than 1 are 564!

indicative of inflated p-values, whereas values smaller than one are indicative of deflated p-565!

values. GC values for each experiment can be found in Table S9 and QQ plots for 566!

phenotypes with significant SNPs can be found in Fig S16.  567!

 568!

Genome-wide association mapping (overdominant model) 569!

We conducted GWAS with an overdominant genotype encoding, where both the homozygous 570!

minor and homozygous major alleles are encoded as “0” and the heterozygous genotype with 571!

“1”. The kinship matrix was computed on the overdominantly encoded data. Using the 572!

overdominant encoding, GWA mapping was performed on both the predicted phenotypic 573!

values of the hybrids as well as the dominance deviation of each strain. 574!

 575!

Multiple hypothesis testing correction 576!

To account for multiple hypothesis testing, we used a conservative 5% Bonferroni threshold of 577!

0.05/(Number of tested SNPs [204,753]) (p < 2.4x10-7). This correction was performed within 578!

each experiment and significant results are reported in Table S3 and S4. Additionally, we 579!

performed an even more stringent correction by accounting for the number of experiments per 580!

phenotype (3). In this case the Bonferroni threshold was equal to 2.4x10-7/3 = 8.1x10-8. The 581!

results from this test correction are reported in Table S3 and S4. 582!

 583!

Estimation of variance explained by all SNPs 584!

We computed how much of the phenotypic variance could be attributed to the genetic 585!

contribution (random effect) using a cross-validation approach. We generated 1000 randomly 586!

drawn training sets (containing 90% of all hybrid genotypes) and testing sets (remaining 10% 587!

of genotypes). We then trained the LMM using only the kinship matrix (random effect) on the 588!

training data and subsequently predicted the phenotype !!of the remaining testing set. 589!

Predictions were obtained as follows: 590!

! = !!"#!! + !!"#! !!"#$% + !!
!! !!"#$% − !!"#$%! ,! 
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where ! is a vector of ones (or different covariates if given), !!is the kinship matrix, and ! and!591!

!!are the estimated parameters from the training step of the LMM. We then computed 592!

variance explained as follows: 593!

! !!"#! ,! = 1 − !"# !!"#! − ! !
!"# !!"#!

, 

where var() is the variance. Note that this measure might be negative and in such cases the 594!

phenotypic mean would provide a better fit than the actual trained model. Results were 595!

averaged across all 1000 training sets.  596!

 597!

Estimation of variance explained by individual significant SNPs 598!

Next, we estimated the variance explained by each individual SNP. For each significantly 599!

associated SNP we generated 1,000 randomly drawn training sets (containing 90% of all 600!

hybrid genotypes) and testing sets (remaining 10% of lines). We then computed variance 601!

explained by a single SNP by fitting a linear regression: 602!

!!"# = 1 − !"# !!"#! − !! !
!"# !!"#!

, 

where !!is the estimated parameter from the linear model and ! is the associated SNP. The 603!

parameter !!is estimated as follows: 604!

! = !!! !!!!!, 

where !! is the transposed matrix !. Results were average across all 1000 training sets. 605!

Note that these phenotypic predictions are only relevant to the current data set and that the 606!

results (i.e. variance explained by each site) need not generalize to genotypes outside of this 607!

data set. 608!

 609!

Estimation of variance explained by all significant SNPs 610!

It is important to note that one cannot sum up the variance explained by all individual SNPs to 611!

obtain the variance explained by all significantly associated SNPs, because the positions are 612!

not entirely independent of one another, predominantly due to LD. To estimate the variance 613!

explained by all significantly associated SNPs, we trained a ridge regression on !, where ! 614!

contains all significantly associated SNPs. Ridge regression includes a penalty term to 615!
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regularize the weight of each SNP and thus implicitly takes the relatedness between 616!

individual SNPs into account: 617!

! = !!! + !! !!!!!, 

where ! is the penalty term. ! is optimized by performing an internal line-search for a range of 618!

! values:!! = {1!!!, 1!!!, 1!!!, 1,1!!, 1!!, 1!!}. Again, 1000 cross-validation sets were run for 619!

each model. 620!

 621!

Power analyses 622!

To evaluate the power of the different encoding strategies, we performed a simulation 623!

experiment in which we measured the power of each test with respect to the variance 624!

explained by the causal SNP, the minor allele frequency of the causal SNP, and the SNP 625!

encoding. All experiments were performed with both the additive and overdominant SNP 626!

encodings. We binned the tested SNPs (204,753) according to their minor allele frequency 627!

{0.10-0.15,...,0.45-0.50}. As the background covariance matrix (kinship matrix) we used the 628!

realized relationship matrix based on all SNPs (204,753), applying the appropriate encoding 629!

[39]. For combinations of factors (variance explained, minor allele frequency, and SNP 630!

encoding), we first randomly chose a causal SNP with the selected minor allele frequency 631!

from our genotypic data. We simulate the phenotype as: 632!

! = !" + !, 

where ! is the causal SNP and ! is the regression coefficient. We let the proportion of 633!

variance explained by the SNP vary between (0.05,0.10,0.20,0.40,0.60,0.80). The remaining 634!

variance is explained by Gaussian distributed noise: 635!

! ∼ ! 0,1 − !!"#! , 

where !!"# is the variance explained by the focal SNP. Each combination of factors (variance 636!

explained, minor allele frequency, and SNP encoding) was repeated 1000 times. Results 637!

show the power, or 1 minus the probability of not detecting the causal SNP, averaged over all 638!

repetitions, along with the standard errors (Fig 4A,B).  639!

 640!

Characterization of significant peaks and identification of candidate genes 641!
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For GWASs, we considered only SNPs with complete genotype information in our parental 642!

panel, but this approach removes some potentially relevant polymorphism. To characterize 643!

the decay of linkage disequilibrium around peaks and to develop a candidate gene list we 644!

used a less stringent cutoff of 70% complete information at all sites, and identified additional 645!

candidate SNPs based on linkage to significant sites using PLINK 1.9 [85]. SNPs within 200 646!

kb of a significant SNP, in complete linkage disequilibrium (LD) (r2 = 1), and with a minor 647!

allele frequency greater than 0.1 were collapsed into the eight candidate regions listed in 648!

Table S7. Two peaks on chromosome 3 were collapsed into a single large region using this 649!

approach because of their physical proximity and extended LD in this region. The regional 650!

information was used to develop candidate lists. Decay of LD around these peaks was 651!

calculated from the reference SNP in each of the above-described regional LD blocks for up 652!

to 200 kb surrounding the focal SNP (Fig 10, Fig S13). 653!

 654!

Gene ontology (GO) analysis 655!

For each of the GWAS experiments using the overdominant SNP encoding, the top 1000 656!

most associated SNPs were compared against the complete set of tested SNPs using the 657!

SNP2GO library in the R statistical computing environment [86]. Significance was established 658!

using a 5% FDR threshold within each phenotype. 659!
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Figure legends 872!

Figure 1. Effect of manual- versus self-fertilization on parental phenotypes. Predicted 873!

trait means for each parental line were estimated using a linear mixed model (Materials and 874!

methods), and untransformed ratios are shown. 875!

 876!

Figure 2. Broad- and narrow-sense heritability estimates. (A) Broad- and narrow-sense 877!

heritabilities for each phenotype. Heritabilities were calculated from estimates of GCA 878!

(general combining ability) and SCA (specific combining ability), which were derived from a 879!

LMM implemented in SAS (Materials and methods). Yellow circle shows the broad-sense 880!

heritability re-estimated using a linear model in R (Materials and methods). (B) Dominance 881!

genetic variance as a fraction of total genetic variance for all phenotypes. 882!

 883!

Figure 3. Distribution of non-additive phenotypes. The ratio of the dominance deviation d 884!

to the additive phenotypic component a is shown for all hybrid genotypes for each phenotype 885!

(Materials and methods). Boxplot shows the median (white circle), upper and lower quartiles 886!

(black box), and 1.5x the interquartile range (black lines). Values greater than 1 are 887!

overdominant (best-parent heterosis) and values less than -1 are underdominant (worst-888!

parent hybrid inferiority).    889!

 890!

Figure 4. Power analyses of additive and overdominant models. Power of the additive 891!

(A) and overdominant (B) models was calculated for various minor allele frequencies (MAF) 892!

and effect sizes. Variance explained by the focal SNP is considered a proxy for effect size 893!

and varies between 5 and 80 percent of the variance (Materials and methods). Simulations 894!

were performed 1,000 times for each combination of MAF and percent of explained variance. 895!

Mean power of the simulations as well as the standard error of the mean are plotted.!! is the 896!

rate of Type II error. 897!

 898!

Figure 5. Genome-wide association studies of days to flowering (DTF) phenotype. 899!

Genome wide p-values of each test statistic are shown for each association experiment 900!
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performed on the DTF phenotype. Horizontal dashed lines correspond to 5% significance 901!

thresholds for both within (p < 2.4x10-7, orange) and across phenotype (p < 8.1x10-8, blue) 902!

Bonferroni corrections. Genomic controls were estimated as the deviation of the observed 903!

median test statistics from expected median test statistic. (A) Additive model - mean 904!

phenotype. (B) Overdominant model - mean phenotype. (C) Overdominant model - 905!

dominance deviation.   906!

 907!

Figure 6. Phenotypic variance explained by genome-wide SNPs. Variance explained 908!

using all tested SNPs was calculated using a cross-validation approach (Materials and 909!

methods). Mean variance explained and the standard error of the mean (1,000 training sets) 910!

are plotted for the training (90%) and test (10%) sets. (A) Phenotypic variance of the mean 911!

trait value explained by the additive model. (B) Phenotypic variance of the dominance 912!

deviation explained by the overdominant model. Models that are evaluated using their own 913!

training data tend to overfit, hence the values that are close to, or equal to, 1. 914!

 915!

Figure 7. Phenotypic variance explained by significantly associated SNPs. Variance 916!

explained by individual SNPs (A) and all significantly associated SNPs (B) was calculated 917!

using a cross-validation approach (Materials and methods). (A) Boxplot shows the median 918!

(white circle), upper and lower quartiles (black box), and 1.5x the interquartile range (black 919!

lines). (B) Mean variance explained and the standard error of the mean (1,000 training sets) 920!

are shown for the training (90%) and test (10%) sets.  921!

 922!

Figure 8. Phenotypic variance explained by SConES SNPs. Variance explained using all 923!

associated SNPs identified via SConES (multi-locus network-guided associations) was 924!

calculated using a cross-validation approach (Materials and methods). Mean variance 925!

explained and the standard error of the mean (1000 training sets) are shown for the training 926!

(90%) and test (10%) sets. (A) Phenotypic variance of the dominance deviation d explained 927!

by the overdominant model. (B) Phenotypic variance of the mean trait value explained by the 928!

overdominant model.  929!
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 930!

Figure 9. Minor allele frequency distributions of associated SNPs. Minor allele frequency 931!

(MAF) distributions for significant SNPs found via single-locus GWASs (A) or multi-locus 932!

SConES analysis (B). MAFs of all tested SNPs (black) were calculated for an expanded panel 933!

of 80 accessions. Random sampling of equal sample sizes (grey) of the test SNPs was 934!

repeated 1,000 times. Median values of random draws never reached the median values of 935!

the actual data (Permutation test, p < 0.002). 936!

 937!

Figure 10. Linkage disequilibrium (LD) near candidate region HV1.3. LD is plotted for (A) 938!

400 kb and (B) 20 kb surrounding region HV1.3 (Supplementary materials). Region HV1.3 (A) 939!

is also shown in Fig S13. Significant SNPs associated with LTF d are plotted as blue circles 940!

(Table S4). Gene models (TAIR10) are shown in (B) and AGL50 (AT1G59810) is highlighted 941!

in purple.  942!
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Supplementary Figure Legends 943!

Figure S1. Parental phenotypes per trait. The mean of manual- (grey) and self-fertilized 944!

(blue) parental phenotypes (untransformed) is plotted as well as the phenotypic values of 945!

each individual (circles). 946!

 947!

Figure S2. Genetic correlation of traits. The genetic correlation of all traits is shown. 948!

Genetic correlation was calculated as the cov12/(σ1σ2) [7]. Here, cov12 is the covariance in 949!

predicted means between each trait pair and σ1 and σ2 are the genetic standard deviations of 950!

the line means for each trait. A trait's correlation with itself is not equal to 1 because predicted 951!

line means were used instead of the measured trait value. 952!

 953!

Figure S3. Distribution of the dominance deviation d. The distribution of d is plotted for 954!

each phenotype. Values are expected to be distributed around zero (dashed vertical line). 955!

 956!

Figure S4. Schematic of GWAS experiments. Cartoon depicting the selected SNP 957!

encoding and phenotypic component for each GWA experiment. As an example, a focal SNP 958!

genotype is shown as G/G, G/T, and T/T. Parental germplasm is abbreviated as P1 and P2 959!

for Parent 1 and Parent 2. The focal phenotype of each GWAS experiment is marked as 960!

either a green circle (the predicted trait mean of each hybrid) or as a purple line (the 961!

dominance deviation d). 962!

 963!

Figure S5. Cumulative distribution of SNP pattern occurrence. SNP pattern occurrence 964!

was calculated as the number of positions that share a genotypic pattern (Materials and 965!

methods). 966!

 967!

Figure S6. Chromosomal location of SNPs with shared patterns. The number of 968!

chromosomes covered by SNPs in pattern occurrence categories 2-20 are plotted. 969!

 970!
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Figure S7. Genome-wide association studies of leaves to flowering (LTF) phenotype. 971!

Genome wide p-values of each test statistic are shown for each association experiment 972!

performed on the LTF phenotype. Horizontal dashed lines correspond to 5% significance 973!

thresholds for both within (p < 2.4x10-7, orange) and across (p < 8.1x10-8, blue) Bonferroni 974!

corrections. Genomic controls are estimated as the deviation of the observed median test 975!

statistics from expected. A) Additive model - mean phenotype, B) Overdominant model - 976!

mean phenotype, C) Overdominant model - dominance deviation.   977!

 978!

Figure S8. Genome-wide association studies of dry mass phenotype. Genome wide p-979!

values of each test statistic are shown for each association experiment performed on the dry 980!

mass phenotype. Horizontal dashed lines correspond to 5% significance thresholds for both 981!

within (p < 2.4x10-7, orange) and across (p < 8.1x10-8, blue) Bonferroni corrections. Genomic 982!

controls are estimated as the deviation of the observed median test statistics from expected. 983!

A) Additive model - mean phenotype, B) Overdominant model - mean phenotype, C) 984!

Overdominant model - dominance deviation.   985!

 986!

Figure S9. Genome-wide association studies of area (day 29) phenotype. Genome wide 987!

p-values of each test statistic are shown for each association experiment performed on the 988!

area (day 29) phenotype. Horizontal dashed lines correspond to 5% significance thresholds 989!

for both within (p < 2.4x10-7, orange) and across (p < 8.1x10-8, blue) Bonferroni corrections. 990!

Genomic controls are estimated as the deviation of the observed median test statistics from 991!

expected. A) Additive model - mean phenotype, B) Overdominant model - mean phenotype, 992!

C) Overdominant model - dominance deviation.   993!

 994!

Figure S10. Phenotype-genotype relationship of each region. Phenotypic distribution of 995!

mean phenotypes for each focal region. Only phenotypes significantly associated with each 996!

region are shown, regardless of whether the association was originally detected with the 997!

predicted trait mean or the dominance deviation d. The genotype of each region can 998!

represent one or more SNPs (Table S4) (minor allele=1; major allele=0). 999!
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 1000!

Figure S11. Phenotype-multi-locus genotype relationships. Phenotypic distribution of 1001!

mean phenotypes for each multi-locus genotype. Distributions are only shown for multi-locus 1002!

genotypic combinations between dominant loci. Only phenotypes significantly associated with 1003!

each region are shown, regardless of whether the association was originally detected with the 1004!

predicted trait mean or the dominance deviation d. The genotype of each region can 1005!

represent one or more SNPs (Table S4) (minor allele=1; major allele=0). 1006!

 1007!

Figure S12. Correlation of d/a with genetic distance. Pairwise genetic distance was 1008!

calculated for each line for various annotation categories (Materials and methods). The 1009!

spearman rank correlation coefficient was calculated for the correlation of each measure of 1010!

genetic distance with the degree of heterosis (d/a). Significant correlations are indicated with * 1011!

(p < 0.05) or ** (p < 0.01). 1012!

 1013!

Figure S13. Linkage disequilibrium decay around candidate SNPs. Linkage 1014!

disequilibrium (LD) decay (r2) is plotted for each of the candidate regions (Materials and 1015!

methods). Region HV1.3 is also shown in Fig 10. Significant SNPs detected in one of the 1016!

GWA experiments (Table S4) are plotted as blue circles. 1017!

 1018!

Figure S14. Summary of missing phenotypic data. Number of replicates with no 1019!

phenotypic data for each genotype.  1020!

 1021!

Figure S15. Distribution of phenotypic values. Distribution of raw (grey) and transformed 1022!

(blue) phenotypic values for each phenotype. Phenotypes were transformed using Box-Cox 1023!

(Materials and methods). 1024!

 1025!

Figure S16. Quantile-Quantile (Q-Q) plot for GWA experiments with significant results. 1026!

The distribution of observed p-values is plotted against the expected distribution. 1027!

 1028!
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Supplementary Table Legends 1029!

Table S1. Germplasm information. The parental genotypes of each hybrid are listed along 1030!

with whether the line was included in the final data set (yes=1,no=0). Lines were not included 1031!

if their manually-fertilized parent did not germinate.  1032!

 1033!

Table S2. GCA, SCA, and heritability estimates. Values plotted in Fig 2.  1034!

 1035!

Table S3. Summary of significant SNPs detected in GWASs. Number of significant SNPs 1036!

detected for each phenotype for both within-experiment and across-experiment Bonferroni 1037!

correction. 1038!

 1039!

Table S4.  Summary of significant SNPs per phenotype. IDs (chr_position) of all 1040!

significant SNPs and their significance status in each experiment.  1041!

 1042!

Table S5. Summary of SConES SNPs. Number of associated SNPs detected for each 1043!

phenotype. 1044!

 1045!

Table S6.  Summary of associated SConES SNPs per phenotype. IDs (chr_position) of all 1046!

associated SNPs and their significance status in each experiment.  1047!

 1048!

Table S7.  Summary of candidate regions. IDs and location of all significant regions, their 1049!

associated phenotypes, genetic behavior, and putative candidate genes. 1050!

 1051!

Table S8.  Gene Ontology (GO) enrichment. GO terms significantly associated with the top 1052!

1000 associated SNPs of each phenotype are listed. Significance was established using a 5% 1053!

FDR threshold within each phenotype.  1054!

 1055!

Table S9. Genomic control (GC) values. Genomic control values for all experiments. Q-Q 1056!

plots for experiments with significant SNPs are shown in Fig S16.  1057!
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Table S1. Germplasm information. 
Cross ID Female parent Male parent Final data set (1=yes,0=no)
C001 ICE29 ICE63 1
C002 ICE29 ICE72 1
C003 ICE29 ICE79 1
C004 ICE29 ICE92 1
C005 ICE29 ICE107 1
C006 ICE29 ICE150 1
C007 ICE29 ICE212 1
C008 ICE29 Bak-2 1
C009 ICE29 Cdm-0 1
C010 ICE29 Ey15-2 1
C011 ICE29 HKT2.4 1
C012 ICE29 Mer-6 1
C013 ICE29 Nie1-2 1
C014 ICE29 Qui-0 1
C015 ICE29 Sha 1
C016 ICE29 Tuescha-9 1
C017 ICE29 TueWa1-2 1
C018 ICE50 ICE29 1
C019 ICE50 ICE61 1
C020 ICE50 ICE73 1
C021 ICE50 ICE79 1
C022 ICE50 ICE119 1
C023 ICE50 ICE150 1
C024 ICE50 ICE181 1
C025 ICE50 ICE212 1
C026 ICE50 ICE216 1
C027 ICE50 ICE228 1
C028 ICE50 Bak-2 1



C029 ICE50 Ey15-2 1
C030 ICE50 Fei-0 1
C031 ICE50 Mer-6 1
C032 ICE50 Nie1-2 1
C033 ICE50 Qui-0 1
C034 ICE50 Sha 1
C035 ICE50 Yeg-1 1
C036 ICE61 ICE29 1
C037 ICE61 ICE72 1
C038 ICE61 ICE92 1
C039 ICE61 ICE107 1
C040 ICE61 ICE119 1
C041 ICE61 ICE150 1
C042 ICE61 ICE228 0
C043 ICE61 Bak-2 1
C044 ICE61 Cdm-0 1
C045 ICE61 Ey15-2 1
C046 ICE61 Koch-1 1
C047 ICE61 Mer-6 1
C048 ICE61 Qui-0 1
C049 ICE61 Rue3-1-31 1
C050 ICE61 Tuescha-9 1
C051 ICE61 TueWa1-2 1
C052 ICE61 Yeg-1 1
C053 ICE63 ICE50 1
C054 ICE63 ICE61 1
C055 ICE63 ICE72 1
C056 ICE63 ICE73 1
C057 ICE63 ICE79 1
C058 ICE63 ICE107 1



C059 ICE63 ICE111 1
C060 ICE63 ICE212 1
C061 ICE63 Ey15-2 1
C062 ICE63 Fei-0 1
C063 ICE63 HKT2.4 1
C064 ICE63 Rue3-1-31 1
C065 ICE63 Sha 1
C066 ICE63 Tuescha-9 1
C067 ICE63 Yeg-1 1
C068 ICE72 ICE50 1
C069 ICE72 ICE73 1
C070 ICE72 ICE150 1
C071 ICE72 ICE212 1
C072 ICE72 ICE216 1
C073 ICE72 Bak-2 1
C074 ICE72 Cdm-0 1
C075 ICE72 Ey15-2 1
C076 ICE72 Fei-0 1
C077 ICE72 HKT2.4 1
C078 ICE72 Koch-1 1
C079 ICE72 Nie1-2 1
C080 ICE72 Qui-0 1
C081 ICE72 Tuescha-9 1
C082 ICE72 Yeg-1 1
C083 ICE73 ICE29 1
C084 ICE73 ICE61 1
C085 ICE73 ICE107 1
C086 ICE73 ICE111 1
C087 ICE73 ICE119 1
C088 ICE73 ICE181 1



C089 ICE73 ICE216 1
C090 ICE73 ICE228 1
C091 ICE73 Bak-2 1
C092 ICE73 Cdm-0 1
C093 ICE73 Ey15-2 1
C094 ICE73 HKT2.4 1
C095 ICE73 Koch-1 1
C096 ICE73 Mer-6 1
C097 ICE73 Nie1-2 1
C098 ICE73 Qui-0 1
C099 ICE73 Rue3-1-31 1
C100 ICE79 ICE61 1
C101 ICE79 ICE72 1
C102 ICE79 ICE73 1
C103 ICE79 ICE92 1
C104 ICE79 ICE107 1
C105 ICE79 ICE111 1
C106 ICE79 Bak-2 1
C107 ICE79 HKT2.4 1
C108 ICE79 Koch-1 1
C109 ICE79 Mer-6 1
C110 ICE79 Qui-0 1
C111 ICE79 Rue3-1-31 1
C112 ICE79 Tuescha-9 1
C113 ICE79 TueWa1-2 1
C114 ICE92 ICE50 1
C115 ICE92 ICE63 1
C116 ICE92 ICE72 1
C117 ICE92 ICE73 1
C118 ICE92 ICE107 1



C119 ICE92 ICE212 1
C120 ICE92 ICE216 1
C121 ICE92 ICE228 1
C122 ICE92 Bak-2 1
C123 ICE92 Cdm-0 1
C124 ICE92 HKT2.4 1
C125 ICE92 Mer-6 1
C126 ICE92 Qui-0 1
C127 ICE92 Sha 1
C128 ICE107 ICE50 1
C129 ICE107 ICE72 1
C130 ICE107 ICE111 1
C131 ICE107 ICE119 1
C132 ICE107 ICE150 1
C133 ICE107 ICE216 1
C134 ICE107 ICE228 1
C135 ICE107 Bak-2 1
C136 ICE107 Cdm-0 1
C137 ICE107 Ey15-2 1
C138 ICE107 HKT2.4 1
C139 ICE107 Qui-0 1
C140 ICE107 Rue3-1-31 1
C141 ICE107 Sha 1
C142 ICE107 Yeg-1 1
C143 ICE111 ICE29 1
C144 ICE111 ICE50 1
C145 ICE111 ICE61 1
C146 ICE111 ICE72 1
C147 ICE111 ICE92 1
C148 ICE111 ICE119 1



C149 ICE111 ICE150 1
C150 ICE111 Bak-2 1
C151 ICE111 Cdm-0 1
C152 ICE111 HKT2.4 1
C153 ICE111 Koch-1 1
C154 ICE111 Qui-0 1
C155 ICE119 ICE29 1
C156 ICE119 ICE63 1
C157 ICE119 ICE72 1
C158 ICE119 ICE79 1
C159 ICE119 ICE92 1
C160 ICE119 ICE150 1
C161 ICE119 Fei-0 1
C162 ICE119 HKT2.4 1
C163 ICE119 Koch-1 1
C164 ICE119 Mer-6 1
C165 ICE119 Nie1-2 1
C166 ICE119 Qui-0 1
C167 ICE119 Tuescha-9 1
C168 ICE119 TueWa1-2 1
C169 ICE119 Yeg-1 1
C170 ICE150 ICE63 1
C171 ICE150 ICE73 1
C172 ICE150 ICE79 1
C173 ICE150 ICE92 1
C174 ICE150 ICE181 1
C175 ICE150 ICE212 1
C176 ICE150 ICE228 1
C177 ICE150 Bak-2 1
C178 ICE150 Ey15-2 1



C179 ICE150 Koch-1 1
C180 ICE150 Nie1-2 1
C181 ICE150 Qui-0 1
C182 ICE150 Sha 1
C183 ICE150 Tuescha-9 1
C184 ICE181 ICE29 1
C185 ICE181 ICE61 1
C186 ICE181 ICE63 1
C187 ICE181 ICE72 1
C188 ICE181 ICE79 1
C189 ICE181 ICE92 1
C190 ICE181 ICE107 1
C191 ICE181 ICE111 1
C192 ICE181 ICE119 1
C193 ICE181 ICE216 1
C194 ICE181 Bak-2 1
C195 ICE181 Ey15-2 1
C196 ICE181 HKT2.4 1
C197 ICE181 Nie1-2 1
C198 ICE181 Rue3-1-31 1
C199 ICE212 ICE61 1
C200 ICE212 ICE73 1
C201 ICE212 ICE79 1
C202 ICE212 ICE107 1
C203 ICE212 ICE111 1
C204 ICE212 ICE119 1
C205 ICE212 ICE181 1
C206 ICE212 ICE216 1
C207 ICE212 Cdm-0 1
C208 ICE212 Ey15-2 1



C209 ICE212 Mer-6 1
C210 ICE212 Rue3-1-31 1
C211 ICE212 TueWa1-2 0
C212 ICE216 ICE29 1
C213 ICE216 ICE61 1
C214 ICE216 ICE63 1
C215 ICE216 ICE79 1
C216 ICE216 ICE111 1
C217 ICE216 ICE119 1
C218 ICE216 ICE150 1
C219 ICE216 ICE228 1
C220 ICE216 Bak-2 1
C221 ICE216 Ey15-2 1
C222 ICE216 HKT2.4 1
C223 ICE216 Nie1-2 1
C224 ICE216 Qui-0 1
C225 ICE216 Rue3-1-31 1
C226 ICE216 Yeg-1 1
C227 ICE228 ICE29 1
C228 ICE228 ICE63 1
C229 ICE228 ICE72 1
C230 ICE228 ICE79 1
C231 ICE228 ICE111 1
C232 ICE228 ICE119 1
C233 ICE228 ICE181 1
C234 ICE228 ICE212 1
C235 ICE228 Bak-2 1
C236 ICE228 Cdm-0 1
C237 ICE228 Koch-1 1
C238 ICE228 Rue3-1-31 1



C239 ICE228 Sha 1
C240 ICE228 TueWa1-2 1
C241 ICE228 Yeg-1 1
C242 Bak-2 ICE63 1
C243 Bak-2 ICE119 1
C244 Bak-2 ICE212 1
C245 Bak-2 Cdm-0 1
C246 Bak-2 Ey15-2 1
C247 Bak-2 Fei-0 1
C248 Bak-2 Mer-6 1
C249 Bak-2 Nie1-2 1
C250 Bak-2 Qui-0 1
C251 Bak-2 TueWa1-2 1
C252 Bak-2 Yeg-1 1
C253 Cdm-0 ICE50 1
C254 Cdm-0 ICE63 1
C255 Cdm-0 ICE79 1
C256 Cdm-0 ICE119 1
C257 Cdm-0 ICE150 1
C258 Cdm-0 ICE181 1
C259 Cdm-0 ICE216 1
C260 Cdm-0 Ey15-2 1
C261 Cdm-0 Koch-1 1
C262 Cdm-0 Mer-6 1
C263 Cdm-0 Rue3-1-31 1
C264 Cdm-0 Sha 1
C265 Cdm-0 TueWa1-2 1
C266 Cdm-0 Yeg-1 0
C267 Ey15-2 ICE79 1
C268 Ey15-2 ICE92 1



C269 Ey15-2 ICE111 1
C270 Ey15-2 ICE119 1
C271 Ey15-2 ICE228 1
C272 Ey15-2 Fei-0 1
C273 Ey15-2 Mer-6 1
C274 Ey15-2 Nie1-2 1
C275 Ey15-2 Qui-0 1
C276 Ey15-2 Rue3-1-31 1
C277 Ey15-2 Tuescha-9 1
C278 Ey15-2 TueWa1-2 1
C279 Ey15-2 Yeg-1 1
C280 Fei-0 ICE29 1
C281 Fei-0 ICE61 1
C282 Fei-0 ICE73 1
C283 Fei-0 ICE79 1
C284 Fei-0 ICE92 1
C285 Fei-0 ICE107 1
C286 Fei-0 ICE111 1
C287 Fei-0 ICE150 1
C288 Fei-0 ICE181 1
C289 Fei-0 ICE212 1
C290 Fei-0 ICE216 1
C291 Fei-0 ICE228 1
C292 Fei-0 Cdm-0 1
C293 Fei-0 TueWa1-2 1
C294 HKT2.4 ICE50 1
C295 HKT2.4 ICE61 1
C296 HKT2.4 ICE150 1
C297 HKT2.4 ICE212 1
C298 HKT2.4 ICE228 1



C299 HKT2.4 Bak-2 1
C300 HKT2.4 Cdm-0 1
C301 HKT2.4 Ey15-2 1
C302 HKT2.4 Fei-0 1
C303 HKT2.4 Koch-1 1
C304 HKT2.4 Rue3-1-31 1
C305 HKT2.4 TueWa1-2 1
C306 HKT2.4 Yeg-1 1
C307 Koch-1 ICE29 1
C308 Koch-1 ICE50 1
C309 Koch-1 ICE63 1
C310 Koch-1 ICE92 1
C311 Koch-1 ICE107 1
C312 Koch-1 ICE181 1
C313 Koch-1 ICE212 1
C314 Koch-1 ICE216 1
C315 Koch-1 Bak-2 1
C316 Koch-1 Ey15-2 1
C317 Koch-1 Fei-0 1
C318 Koch-1 Mer-6 1
C319 Koch-1 Sha 1
C320 Koch-1 Yeg-1 1
C321 Mer-6 ICE63 1
C322 Mer-6 ICE72 1
C323 Mer-6 ICE107 1
C324 Mer-6 ICE111 1
C325 Mer-6 ICE150 0
C326 Mer-6 ICE181 1
C327 Mer-6 ICE216 1
C328 Mer-6 ICE228 1



C329 Mer-6 Fei-0 1
C330 Mer-6 HKT2.4 1
C331 Mer-6 Qui-0 1
C332 Mer-6 Rue3-1-31 1
C333 Mer-6 Sha 1
C334 Nie1-2 ICE61 1
C335 Nie1-2 ICE63 1
C336 Nie1-2 ICE79 1
C337 Nie1-2 ICE92 1
C338 Nie1-2 ICE107 1
C339 Nie1-2 ICE111 1
C340 Nie1-2 ICE212 1
C341 Nie1-2 ICE228 1
C342 Nie1-2 Cdm-0 1
C343 Nie1-2 Fei-0 1
C344 Nie1-2 HKT2.4 1
C345 Nie1-2 Koch-1 1
C346 Nie1-2 Mer-6 1
C347 Nie1-2 Qui-0 1
C348 Nie1-2 Rue3-1-31 1
C349 Qui-0 ICE63 1
C350 Qui-0 ICE181 1
C351 Qui-0 ICE212 1
C352 Qui-0 ICE228 1
C353 Qui-0 Cdm-0 1
C354 Qui-0 Fei-0 1
C355 Qui-0 HKT2.4 1
C356 Qui-0 Koch-1 1
C357 Qui-0 Rue3-1-31 1
C358 Qui-0 Sha 1



C359 Qui-0 Tuescha-9 1
C360 Qui-0 TueWa1-2 1
C361 Qui-0 Yeg-1 1
C362 Rue3-1-31 ICE29 1
C363 Rue3-1-31 ICE50 1
C364 Rue3-1-31 ICE72 1
C365 Rue3-1-31 ICE92 1
C366 Rue3-1-31 ICE111 1
C367 Rue3-1-31 ICE119 1
C368 Rue3-1-31 ICE150 1
C369 Rue3-1-31 Bak-2 1
C370 Rue3-1-31 Fei-0 1
C371 Rue3-1-31 Koch-1 1
C372 Rue3-1-31 Sha 1
C373 Rue3-1-31 Tuescha-9 1
C374 Rue3-1-31 TueWa1-2 1
C375 Sha ICE61 1
C376 Sha ICE72 1
C377 Sha ICE73 1
C378 Sha ICE79 1
C379 Sha ICE111 1
C380 Sha ICE119 1
C381 Sha ICE181 1
C382 Sha ICE212 1
C383 Sha ICE216 1
C384 Sha Bak-2 1
C385 Sha Ey15-2 1
C386 Sha Fei-0 1
C387 Sha HKT2.4 1
C388 Sha Nie1-2 1



C389 Sha TueWa1-2 0
C390 Tuescha-9 ICE50 1
C391 Tuescha-9 ICE73 1
C392 Tuescha-9 ICE92 1
C393 Tuescha-9 ICE107 1
C394 Tuescha-9 ICE111 1
C395 Tuescha-9 ICE181 1
C396 Tuescha-9 ICE212 1
C397 Tuescha-9 ICE216 1
C398 Tuescha-9 ICE228 1
C399 Tuescha-9 Bak-2 1
C400 Tuescha-9 Cdm-0 0
C401 Tuescha-9 Fei-0 1
C402 Tuescha-9 HKT2.4 1
C403 Tuescha-9 Koch-1 1
C404 Tuescha-9 Mer-6 1
C405 Tuescha-9 Nie1-2 1
C406 Tuescha-9 Sha 1
C407 TueWa1-2 ICE50 1
C408 TueWa1-2 ICE63 1
C409 TueWa1-2 ICE72 1
C410 TueWa1-2 ICE73 1
C411 TueWa1-2 ICE92 1
C412 TueWa1-2 ICE107 1
C413 TueWa1-2 ICE111 1
C414 TueWa1-2 ICE150 1
C415 TueWa1-2 ICE181 1
C416 TueWa1-2 ICE216 0
C417 TueWa1-2 Koch-1 1
C418 TueWa1-2 Mer-6 1



C419 TueWa1-2 Nie1-2 1
C420 TueWa1-2 Tuescha-9 1
C421 TueWa1-2 Yeg-1 1
C422 Yeg-1 ICE29 1
C423 Yeg-1 ICE73 1
C424 Yeg-1 ICE79 1
C425 Yeg-1 ICE92 1
C426 Yeg-1 ICE111 1
C427 Yeg-1 ICE150 1
C428 Yeg-1 ICE181 1
C429 Yeg-1 ICE212 1
C430 Yeg-1 Fei-0 1
C431 Yeg-1 Mer-6 1
C432 Yeg-1 Nie1-2 1
C433 Yeg-1 Rue3-1-31 1
C434 Yeg-1 Sha 1
C435 Yeg-1 Tuescha-9 1
PM001 ICE29 ICE29 1
PM002 ICE50 ICE50 1
PM003 ICE61 ICE61 0
PM004 ICE63 ICE63 1
PM005 ICE72 ICE72 1
PM006 ICE73 ICE73 1
PM007 ICE79 ICE79 1
PM008 ICE92 ICE92 1
PM009 ICE107 ICE107 1
PM010 ICE111 ICE111 1
PM011 ICE119 ICE119 1
PM012 ICE150 ICE150 1
PM013 ICE181 ICE181 1



PM014 ICE212 ICE212 1
PM015 ICE216 ICE216 1
PM016 ICE228 ICE228 1
PM017 Bak-2 Bak-2 0
PM018 Cdm-0 Cdm-0 1
PM019 Ey15-2 Ey15-2 1
PM020 Fei-0 Fei-0 1
PM021 HKT2.4 HKT2.4 1
PM022 Koch-1 Koch-1 1
PM023 Mer-6 Mer-6 1
PM024 Nie1-2 Nie1-2 1
PM025 Qui-0 Qui-0 1
PM026 Rue3-1-31 Rue3-1-31 1
PM027 Sha Sha 1
PM028 Tuescha-9 Tuescha-9 1
PM029 TueWa1-2 TueWa1-2 1
PM030 Yeg-1 Yeg-1 1
PS001 ICE29 ICE29 1
PS002 ICE50 ICE50 1
PS003 ICE61 ICE61 1
PS004 ICE63 ICE63 1
PS005 ICE72 ICE72 1
PS006 ICE73 ICE73 1
PS007 ICE79 ICE79 1
PS008 ICE92 ICE92 1
PS009 ICE107 ICE107 1
PS010 ICE111 ICE111 1
PS011 ICE119 ICE119 1
PS012 ICE150 ICE150 1
PS013 ICE181 ICE181 1



PS014 ICE212 ICE212 1
PS015 ICE216 ICE216 1
PS016 ICE228 ICE228 1
PS017 Bak-2 Bak-2 1
PS018 Cdm-0 Cdm-0 1
PS019 Ey15-2 Ey15-2 1
PS020 Fei-0 Fei-0 1
PS021 HKT2.4 HKT2.4 1
PS022 Koch-1 Koch-1 1
PS023 Mer-6 Mer-6 1
PS024 Nie1-2 Nie1-2 1
PS025 Qui-0 Qui-0 1
PS026 Rue3-1-31 Rue3-1-31 1
PS027 Sha Sha 1
PS028 Tuescha-9 Tuescha-9 1
PS029 TueWa1-2 TueWa1-2 1
PS030 Yeg-1 Yeg-1 1



Table S2. GCA, SCA, and heritability estimates.
Linear model 
estimates (R)

Phenotype GCA SCA
Residual 
variance

Total phenotypic 
variance

Narrow-sense 
heritability (h2)

Standard 
error (h2)

Broad-sense 
heritability (H2)

Standard 
error (H2)

Broad-sense 
heritability (H2) 

DTF 0.00026 0.00033 0.00023 0.00107 0.47916 0.07013 0.78346 0.02971 0.78095
LTF 0.00690 0.01168 0.01534 0.04082 0.33824 0.06422 0.62433 0.03813 0.63450
Rosette diameter 95.62288 122.33440 195.19542 508.77558 0.37589 0.06620 0.61634 0.04198 0.62977
Rosette dry mass 0.05973 0.10434 0.10238 0.32618 0.36623 0.06657 0.68612 0.03437 0.68275
Area (day 21) 7.65954 38.61871 146.83454 200.77233 0.07630 0.02471 0.26865 0.02733 0.30500
Perimeter (day 21) 1.58477 10.39032 40.86399 54.42385 0.05824 0.02074 0.24915 0.02561 0.28090
Area (day 29) 3.61674 8.60298 30.35852 46.19497 0.15659 0.04014 0.34282 0.03551 0.35842
Perimeter (day 29) 0.56633 1.13805 3.59984 5.87055 0.19294 0.04619 0.38680 0.03853 0.39222
Area growth 1.25570 2.35933 7.92207 12.79280 0.19631 0.04659 0.38074 0.03918 0.38833
Perimeter growth 0.96668 1.27079 3.49608 6.70024 0.28855 0.05850 0.47822 0.04488 0.47010

Linear mixed model estimates (SAS)



Table S3. Summary of significant SNPs detected in GWASs.
Additive encoding Additive encoding

Dominance deviation d Dominance deviation d

DTF 0 5 19 0 4 13
LTF 0 1 21 0 1 12
Dry mass 0 0 10 0 0 10
Area (day 29) 0 2 0 0 0 0

Overdominant encoding Overdominant encoding
Predicted mean phenotype Predicted mean phenotype

Within experiment Bonferroni correction Across experiment (3) Bonferroni correction



Table S4. Summary of significant SNPs per phenotype.

SNP ID Region ID DTF LTF
Dry 

mass
Area 

(day 29) DTF LTF
Dry 

mass
Area 

(day 29) DTF LTF
Dry 

mass
Area 

(day 29) DTF LTF
Dry 

mass
Area 

(day 29) DTF LTF
Dry 

mass
Area 

(day 29) DTF LTF
Dry 

mass
Area 

(day 29)

1_3764724 1 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

1_3764778 1 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

1_3766766 1 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

1_3766808 1 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

1_4869029 2 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

1_4869068 2 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

1_22009862 3 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

1_22009873 3 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

1_22009978 3 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

1_22010004 3 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

1_22010908 3 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

2_5642726 4 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

2_5642735 4 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

2_5642738 4 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

2_5642877 4 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

2_5642901 4 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

2_5643184 4 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

2_5643193 4 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

2_5649084 4 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

3_715448 5 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

3_715567 5 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

3_718041 5 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

3_728908 5 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

3_823046 6 FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE TRUE FALSE FALSE

Within experiment Bonferroni correction Across experiment (3) Bonferroni correction

Additive encoding Overdominant encoding Additive encoding Overdominant encoding

Predicted mean phenotype Dominance deviation d Predicted mean phenotype Dominance deviation d



3_19653355 7 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

3_19653356 7 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

5_2166140 8 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_2171690 8 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_2177555 8 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_2178237 8 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_2183630 8 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_6414746 9 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE

5_6426315 9 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_6429191 9 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_6435715 9 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE

5_6440068 9 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_6440383 9 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE

5_6441707 9 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE



Table S5. Summary of SConES SNPs.
Phenotype SNP encoding Phenotypic component Number of SNPs
DTF Overdominant Fitted mean 2
DTF Overdominant Dominance Deviation d 72
LTF Overdominant Fitted mean 66
LTF Overdominant Dominance Deviation d 88
Dry mass Overdominant Fitted mean 5
Dry mass Overdominant Dominance Deviation d 190
Rosette diameter Overdominant Fitted mean 111
Rosette diameter Overdominant Dominance Deviation d 19
Area (day 21) Overdominant Fitted mean 39
Area (day 21) Overdominant Dominance Deviation d 121
Area (day 29) Overdominant Fitted mean 0
Area (day 29) Overdominant Dominance Deviation d 10
Perimeter (day 21) Overdominant Fitted mean 2
Perimeter (day 21) Overdominant Dominance Deviation d 30
Perimeter (day 29) Overdominant Fitted mean 13
Perimeter (day 29) Overdominant Dominance Deviation d 13
Area growth Overdominant Fitted mean 0
Area growth Overdominant Dominance Deviation d 64
Perimeter growth Overdominant Fitted mean 9
Perimeter growth Overdominant Dominance Deviation d 324



Table S6. Summary of associated SConES SNPs per phenotype.

SNP ID DTF LTF
Rosette 

dry mass
Rosette 

diameter
Area 

(day 21)
Area 

(day 29)
Perimeter 

(day 21)
Perimeter 

(day 29)
Area 

growth
Perimeter 

growth DTF LTF
Rosette 

dry mass
Rosette 

diameter
Area 

(day 21)
Area 

(day 29)
Perimeter 

(day 21)
Perimeter 

(day 29)
Area 

growth
Perimeter 

growth
1_764301 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_764304 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_872289 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_872731 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_875907 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_899112 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_2626307 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_3680199 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_3680796 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_8919030 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_8919049 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_8919050 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_13259598 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_13273411 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_13296600 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13299128 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13305309 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13307223 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13308119 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13308427 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13312257 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13314094 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13318220 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13321264 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13322209 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13322214 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13322463 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13322470 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13323598 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13323601 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13323899 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13324001 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13324017 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13324064 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13324068 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13324155 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13324255 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13325346 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13325352 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13325886 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13325920 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Predicted mean phenotype Dominance deviation d



1_13326270 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13326614 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13326763 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13326809 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13327014 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13327037 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13327087 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13327140 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13328050 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13328404 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13385103 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13405925 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE TRUE FALSE
1_13405975 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
1_13406064 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE TRUE FALSE
1_13407369 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE FALSE
1_13444702 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_13733714 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13856664 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_13898064 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_13900534 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_13959131 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_14070361 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_14278170 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE TRUE FALSE TRUE
1_15526312 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE TRUE TRUE
1_15529533 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE TRUE TRUE
1_15596296 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_15618163 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15618258 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15618597 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15619329 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE TRUE
1_15620833 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15621753 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15622239 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15624611 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15625945 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15626802 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15626879 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15627794 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15628655 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15628862 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15629229 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_15880375 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
1_15912527 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE TRUE FALSE
1_15912529 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE TRUE FALSE
1_15913822 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



1_15914705 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
1_15925553 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_15930468 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_15939080 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_15980940 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_16126008 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16126058 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16126078 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16126465 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16127215 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16128362 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16128591 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16132285 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16132577 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16132698 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16134811 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16134912 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16134927 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16134943 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16135001 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16135006 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16135007 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16135102 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16136175 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16136188 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16136201 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16136377 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16136543 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137011 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137064 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137068 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137190 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137214 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137289 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137329 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137714 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16137741 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16138926 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16139329 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16139347 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16140842 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16140845 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16141093 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16141299 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16141300 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



1_16141407 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16148316 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16151115 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16151149 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16151902 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16152194 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16152225 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154040 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154077 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154209 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154216 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154275 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154347 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154352 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154380 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154408 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154440 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154488 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154503 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154524 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154551 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154565 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154578 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154619 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154681 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154769 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154770 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16154889 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16155352 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16155365 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16155385 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16155420 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16155876 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16155974 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16156048 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16156110 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16156301 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157238 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157293 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157413 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157572 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157626 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157629 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157635 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157640 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



1_16157657 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157677 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16157855 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16162352 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16162359 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16162382 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16162399 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_16178179 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_16331552 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_16332186 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
1_16332275 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
1_16333969 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_16583450 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_16583788 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_16600592 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
1_16602680 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
1_16602826 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
1_16604274 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
1_16604288 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
1_16604453 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
1_16604610 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
1_16604658 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
1_16607079 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
1_16640407 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_17214551 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_18731997 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18732013 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18732015 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18732027 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18732035 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18732093 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18732111 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18743118 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18901847 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18902778 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_18906486 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_19685636 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_19685641 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
1_19996897 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_19997109 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_19997116 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_19997198 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_19999167 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_20003939 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_25189740 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



1_27276791 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_27276970 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_27277549 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_27277885 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_27277965 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_29559005 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
1_29559046 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_121591 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_1378815 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_1757131 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_1765961 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2116426 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_2121266 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2121367 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2121484 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2127214 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2127843 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2128037 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2128065 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2128091 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2128101 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2128122 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2128257 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2128317 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2128592 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2386004 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_2392210 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_2505346 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_2506747 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_2580018 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_2604595 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_2691168 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_2706189 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_3079195 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_3125071 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_3168202 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3168576 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3168701 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3168710 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3168784 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3169202 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3170278 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3170565 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3170620 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3170759 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



2_3171119 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3171237 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3171252 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3171430 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3171466 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3172486 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3172777 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3173352 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3173451 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3173466 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3173511 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3173682 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3173685 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3173821 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3174069 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3174072 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3174077 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3174167 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3542291 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE TRUE
2_3560651 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
2_3658530 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE TRUE FALSE
2_3676145 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
2_3702704 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
2_3707883 FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE TRUE TRUE TRUE TRUE
2_3707905 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
2_3734521 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
2_3734524 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
2_3734550 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_3735331 FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE TRUE TRUE TRUE TRUE TRUE
2_3742698 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3743026 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3894764 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3895077 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3908981 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_3983446 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_4114578 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
2_4603183 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE TRUE TRUE
2_4634575 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_4735328 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_4761271 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_4869576 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_4951155 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_4951179 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_4951437 FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_4951542 FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



2_4951614 FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_4951726 FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_4951864 FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_4952747 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
2_4953851 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_4953899 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_4955746 FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5024610 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5024623 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5024949 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5026116 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_5037308 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5188918 TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5214918 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_5361126 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5366843 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5366980 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5366982 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5366992 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5369435 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_5773029 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_6006204 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_6088885 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6088917 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6089168 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6089668 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6089670 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE TRUE TRUE
2_6089671 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE TRUE TRUE
2_6089673 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE TRUE TRUE
2_6089975 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE TRUE
2_6090128 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6090212 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6090337 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6090789 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6090799 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6091145 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6091642 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6091841 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6091884 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6091895 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6091981 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE TRUE
2_6092063 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6092134 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6098360 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6098364 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE



2_6098697 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6098717 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6113298 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6113551 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6120512 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6121833 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE
2_6122021 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_6122023 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_6147082 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE
2_6174651 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_6227972 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_6233688 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_6326776 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_8033251 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE
2_8035062 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE
2_8044430 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE
2_8044601 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE
2_8045081 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE
2_8210822 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_8614940 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_9602003 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_9604507 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_10171129 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_10174401 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_10175071 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_10455063 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_10455064 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_12329985 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_12331777 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_12332094 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_12851430 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15274557 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15373830 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15373886 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15374299 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15537316 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15541027 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15541889 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15692633 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_15692634 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_16160572 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_16331200 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_16331475 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_16332293 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_16332552 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE



2_16360541 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
2_17042128 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_18250716 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_19150635 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_19509007 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
2_19651786 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_394794 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_394801 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_410830 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_411048 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_411073 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_411284 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_411366 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_411813 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_412095 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_878646 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_935762 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_941537 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_941554 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_941730 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_1879506 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_1979972 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_2174094 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_2269787 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_2270528 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_2727997 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_2728733 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_2743729 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_2744238 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_2744812 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_3772534 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_3773042 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_3774358 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_4804162 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_4909843 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_4909848 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_4910103 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_4910329 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_5137206 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_5139985 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_5140278 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_5142251 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_5482221 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7476195 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7478419 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE



3_7479330 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7480064 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7481062 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7482272 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7482753 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7483397 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7483847 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7484179 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7484360 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7486000 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7486579 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7486592 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7488376 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7492059 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7492547 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7492827 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_7496626 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_10002023 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_10004407 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_10020905 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_10319367 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11218333 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11412357 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE TRUE FALSE TRUE
3_11414102 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11415348 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11433642 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11433880 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_11433913 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_11433919 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_11498411 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11512066 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_11512300 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_11512351 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_11523263 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11540929 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11549655 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11550019 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11550241 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11550273 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11550281 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11554787 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11649618 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_11682762 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11758871 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_11758975 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE



3_11759319 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
3_12019111 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_12291044 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_12318270 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
3_12365742 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_12389458 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_12418485 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_12489291 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_12652477 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_12937614 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE TRUE FALSE TRUE
3_12937663 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE TRUE FALSE TRUE
3_12945679 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE TRUE
3_12951951 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE TRUE
3_12952331 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_12952430 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_12952444 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_12952459 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_12952474 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_12971315 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_12971630 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_12971836 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_13090152 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_13493614 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_13493696 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_13498556 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_13514209 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_14125356 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE
3_14738819 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_14738820 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_14740253 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_14790754 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_14861161 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862390 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862408 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862504 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862513 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862561 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862565 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862595 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862683 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862728 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14862733 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14863693 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14863704 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14863713 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE



3_14863747 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14863896 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14865061 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14865076 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14865516 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14865579 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14865773 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14865787 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14872023 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14875922 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14875984 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14876023 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14877356 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14877379 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14877540 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14877703 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14877760 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14878399 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14878717 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14879504 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14881314 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14881523 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14881993 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14884573 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14884915 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885179 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885255 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885290 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885429 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885463 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885481 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885488 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885491 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885527 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14885617 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14886190 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14886460 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14888227 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14888440 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14888556 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14888939 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14890889 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14891188 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14892574 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14971380 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE TRUE FALSE



3_14972381 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE TRUE TRUE
3_14972407 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
3_14976765 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_14976907 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_14977096 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
3_14995952 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
3_14996931 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_14997085 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_14997281 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_14997307 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_14998321 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_14999491 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15001627 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15001674 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15011232 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15016439 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15016730 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15016791 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15017893 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15019220 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15020761 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15020764 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15022144 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15022151 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15027930 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15037512 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_15145914 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_15285952 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15314271 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_15754157 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16571682 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16577202 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16577203 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16578436 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16578447 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16582192 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16583184 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16583185 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16583221 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16969576 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_16969821 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_17562059 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_18966860 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_18974192 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_19087067 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE



3_20093526 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_20096139 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_20098630 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_20100653 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_20101415 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_20103653 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_20114895 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_20119763 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_22225185 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
3_22378209 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
3_23377217 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2006040 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2049877 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2068681 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2077371 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2078392 TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2078491 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2079700 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2079942 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2080782 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2080812 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2081428 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2081445 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2081450 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2082676 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2085166 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2096039 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2096320 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2276305 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2277373 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2281170 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2335121 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2356676 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_2846057 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2847588 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2847845 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2861833 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2875451 FALSE FALSE FALSE FALSE TRUE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
4_2880816 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2881868 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2883114 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_2883318 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3091019 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3145614 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_3290021 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



4_3331236 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3459546 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3483532 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3483723 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3483836 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3486296 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3503592 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3506120 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3506930 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3507110 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3541580 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
4_3541588 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
4_3605893 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3606538 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3619372 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3628439 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3628511 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3628514 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3630165 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3630181 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3633674 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3633676 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3649205 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_3652753 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
4_3653287 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
4_3727360 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE TRUE
4_3727378 FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
4_3762463 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3782548 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3795853 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_3888098 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4070636 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4071041 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4072031 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4074165 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4074173 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4082508 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4136856 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
4_4153253 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4154349 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4154913 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4186213 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4187344 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4187438 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4188501 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



4_4189383 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4190304 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4190446 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4190466 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4192710 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4195903 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4195926 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4195967 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4196240 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4196246 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4196255 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4196346 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4196390 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4196993 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4197281 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4197391 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4198119 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4198218 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4198383 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4198834 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4199044 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4199249 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4201453 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4201855 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4204653 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4209892 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4233087 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4233111 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4234804 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4257803 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4258193 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4258216 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4258240 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4268229 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4345337 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4996291 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4996296 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4997444 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4997504 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4997678 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_4998978 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5004694 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5004773 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5007559 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5007592 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



4_5007749 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008052 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008075 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008140 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008298 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008348 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008349 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008358 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008389 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008412 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5008748 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5009423 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_5009582 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5009735 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5009965 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5011781 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5012236 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5012397 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5012478 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5012493 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_5012533 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5012566 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5076734 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5076802 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5076893 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5076987 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5077014 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5077030 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5077038 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5077070 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5080992 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5081351 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5082482 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5082545 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5088235 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5088478 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5108460 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5480960 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5484183 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5488610 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5489476 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_5496284 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_5536674 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE TRUE
4_5536839 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
4_6077570 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE



4_6077914 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_6078009 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_6079743 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_6080615 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_6081927 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_6082072 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_6085838 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_8887308 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_8992958 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_9696942 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_10398948 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_10398949 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_10399089 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_11227176 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_11227272 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_11231429 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_11433452 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_11437152 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_11960527 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_13661113 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_13662620 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_14689839 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_14691085 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_14691832 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_14692411 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_14973544 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_15550885 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
4_17072073 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_17072449 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
4_17732742 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_4199267 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_4745992 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_4746029 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_6409026 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_6412692 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_6412718 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_6419104 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_6429191 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_6434208 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_8299454 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_8299761 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_8300327 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_9979413 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_9979418 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_10224465 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE



5_10257651 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10257901 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10258316 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10258490 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10258866 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10259840 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10260077 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10260157 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10260373 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10260598 FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10265530 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10265540 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10417420 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_10467693 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_10704084 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_10732569 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11038679 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_11076626 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_11097179 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11097323 FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_11097622 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11098116 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11104877 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11155022 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_11371539 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11381774 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE
5_11387307 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11387339 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11391015 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11433896 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
5_11447693 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
5_11448350 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_11530399 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE TRUE FALSE FALSE FALSE
5_11653997 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE TRUE
5_11654533 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
5_12075794 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12077297 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12078686 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12078904 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12079760 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12081565 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12081872 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12082936 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12084702 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12085223 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE



5_12085774 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12087803 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12088231 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12097308 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12097437 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE
5_12445738 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_12536734 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_13069567 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
5_13122972 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_13126047 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_13170914 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_13622503 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_13896800 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_15132376 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_15700896 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
5_16234816 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_16740539 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_19808504 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_19808703 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_20442379 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_20455677 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_20632818 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_23605855 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
5_24562346 FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE



Table S7. Summary of candidate regions.
Region Number Locus ID Chr Start Stop LD block region Reference SNP Associated phenotypes

1 HV1.1 1 3764724 3766808 Chr1:3764724..3766808 3768662 DTF mean, DTF d
2 HV1.2 1 4869029 4869068 Chr1:4868390..4869079 4869079 DTF d , LTF d
3 HV1.3 1 22009862 22010908 Chr1:22008152..22010924 22010924 LTF d
4 HV2.1 2 5642726 5649084 Chr2:5642726..5649084 5649084 LTF d
5 HV3.1.1 3 715448 728908 Chr3:715448..865775 756657 LTF d
6 HV3.1.2 3 823046 823046 Chr3:715448..865775 756657 DTF d , LTF mean, LTF d
7 HV3.2 3 19653355 19653356 Chr3:19648666..19653356 19653356 Area (day 29) mean
8 HV5.1 5 2166140 2183630 Chr5:2166140..2186738 2186738 DTF d,  Dry mass d
9 HV5.2 5 6414746 6441707 Chr5:6414746..6442843 6442843 DTF mean, DTF d , LTF d , Dry mass d



Phenotypic behavior with trait mean Candidate Annotation Type
Overdominant AT1G11230 Unknown Protein Promoter
Dominant AT1G14250 GDA1/CD39 nucleoside phosphatase Gene
Dominant AT1G59810 AGL50 Gene
Tending towards overdominant NA NA NA
Dominant NA NA NA
Dominant NA NA NA
Tending towards overdominant AT3G52990 Pyruvate kinase family protein Gene
Overdominant NA NA NA
Overdominant NA NA NA



Table S8.  Gene Ontology (GO) enrichment. 

DTF LTF
Rosette 

dry mass
Rosette 

diameter
Area (day 

21)
Area (day 

29)
Perimeter 

(day 21)
Perimeter 

(day 29)
Area 

growth
Perimeter 

growth

carbohydrate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.04E-07 2.76E-05 1.33E-08 1.00E+00 1.00E+00 1.00E+00

starch metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.85E-06 5.83E-05 1.38E-08 1.00E+00 1.00E+00 1.00E+00

cellular response to water deprivation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.30E-05 1.00E+00 3.10E-09 1.00E+00 1.00E+00 1.00E+00

polysaccharide metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.87E-05 7.51E-03 1.35E-05 1.00E+00 1.00E+00 1.00E+00

mitochondrial ATP synthesis coupled electron transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.03E-05 4.84E-05 2.78E-05 1.15E-04 2.69E-05 6.59E-05

response to water deprivation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.90E-05 1.00E+00 5.02E-09 1.00E+00 1.00E+00 1.00E+00

starch biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.29E-05 1.00E+00 2.80E-07 1.00E+00 1.00E+00 1.00E+00

response to water 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.33E-05 1.00E+00 9.40E-09 1.00E+00 1.00E+00 1.00E+00

oligosaccharide metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.52E-04 1.62E-05 4.21E-06 5.39E-03 2.14E-02 1.00E+00

cellular glucan metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.53E-04 8.36E-05 1.25E-06 1.77E-02 2.25E-04 1.23E-04

glucan biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.19E-04 2.81E-03 1.00E-06 1.00E+00 6.82E-03 4.53E-03

ATP synthesis coupled electron transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.84E-04 1.34E-04 3.12E-04 4.27E-04 1.70E-04 1.74E-04

pectin catabolic process 1.07E-02 1.00E+00 1.00E+00 1.00E+00 4.46E-04 1.00E+00 2.59E-04 1.00E+00 1.00E+00 1.00E+00

oxidative phosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.05E-04 8.29E-04 4.45E-04 6.86E-04 6.83E-04 5.23E-04

stomatal complex morphogenesis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.41E-04 1.00E+00 3.35E-02 1.00E+00 1.00E+00 1.00E+00

maltose metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.52E-04 2.65E-02 5.06E-06 1.00E+00 1.00E+00 1.00E+00

pentose-phosphate shunt 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.26E-04 8.68E-04 2.48E-05 1.00E+00 1.00E+00 1.00E+00

myo-inositol hexakisphosphate biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.26E-04 1.00E+00 5.98E-04 1.00E+00 1.00E+00 1.00E+00

apoptotic process 1.00E+00 1.00E+00 1.00E+00 1.46E-05 1.15E-03 1.00E+00 7.72E-04 1.00E+00 1.00E+00 1.00E+00

polysaccharide catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.58E-03 1.00E+00 2.00E-03 1.00E+00 1.00E+00 1.00E+00

tyrosine metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.03E-03 1.00E+00 1.34E-03 1.00E+00 1.00E+00 1.00E+00

shoot system morphogenesis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.03E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

respiratory electron transport chain 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.60E-03 1.42E-03 1.69E-03 1.84E-03 1.75E-03 1.86E-03

syncytium formation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.35E-03 9.03E-03 2.18E-03 4.16E-02 4.46E-02 3.91E-02

glucose 6-phosphate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.26E-03 6.10E-04 1.67E-04 1.00E+00 1.00E+00 1.00E+00

NADP metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.35E-03 1.37E-03 1.86E-04 1.00E+00 1.00E+00 1.00E+00

Predicted mean phenotype



chromosome condensation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.02E-03 1.00E+00 4.08E-03 1.00E+00 1.00E+00 1.00E+00

cellular carbohydrate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.72E-03 2.90E-02 1.14E-03 1.00E+00 3.71E-02 1.00E+00

cell-cell signaling involved in cell fate commitment 1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.12E-03 1.00E+00 4.57E-03 1.00E+00 1.00E+00 1.00E+00

pectin metabolic process 6.30E-03 1.00E+00 1.00E+00 1.00E+00 8.19E-03 1.00E+00 4.08E-03 1.00E+00 1.00E+00 1.00E+00

regulation of meristem development 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.54E-03 1.00E+00 2.27E-02 1.00E+00 4.79E-02 1.00E+00

tricarboxylic acid cycle 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.54E-03 1.00E+00 5.33E-03 1.00E+00 1.00E+00 1.03E-02

polyamine catabolic process 1.90E-02 1.00E+00 2.27E-05 1.00E+00 8.61E-03 2.37E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular aldehyde metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.72E-03 1.00E+00 2.86E-03 1.00E+00 1.00E+00 1.00E+00

ATP metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.82E-03 1.00E+00 6.77E-03 3.23E-06 6.66E-06 3.72E-06

citrate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.01E-02 1.00E+00 7.98E-03 1.00E+00 1.00E+00 1.05E-02

response to abiotic stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.28E-02 1.00E+00 3.59E-06 1.00E+00 1.00E+00 1.00E+00

regulation of stomatal movement 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.51E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

ammonium transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.66E-02 1.00E+00 1.37E-02 1.00E+00 1.00E+00 1.00E+00

basic amino acid transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.75E-02 1.00E+00 1.41E-02 1.00E+00 1.00E+00 1.00E+00

phospholipid transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.76E-02 1.00E+00 2.67E-03 1.00E+00 1.00E+00 1.00E+00

stomatal complex development 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.78E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein homooligomerization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.90E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of meristem growth 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.16E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

threonine catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.45E-02 1.00E+00 2.10E-02 1.00E+00 1.00E+00 1.00E+00

cellular metal ion homeostasis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.45E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

aromatic amino acid family biosynthetic process, prephenate pathway 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.45E-02 1.00E+00 2.10E-02 1.00E+00 1.00E+00 1.00E+00

meristem growth 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.72E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

embryonic meristem development 1.00E+00 1.00E+00 1.00E+00 2.07E-02 2.72E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

polysaccharide biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.05E-02 1.00E+00 2.10E-02 1.00E+00 1.00E+00 1.00E+00

secondary shoot formation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.56E-02 1.00E+00 3.08E-02 1.00E+00 1.00E+00 1.00E+00

zinc II ion transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.87E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to gibberellin 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.21E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

potassium ion homeostasis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.25E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

threonine metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.68E-02 1.00E+00 4.11E-02 1.00E+00 1.00E+00 1.00E+00

photosystem II repair 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.71E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



photosystem II assembly 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.86E-02 2.05E-03 4.10E-06 1.00E+00 1.00E+00 1.00E+00

nucleotide transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

lateral root development 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.77E-02 1.00E+00 1.00E+00 1.00E+00

post-embryonic root development 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to cold 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

vesicle organization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.22E-02 1.00E+00 1.00E+00 1.00E+00

response to hypoxia 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to oxygen levels 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

amino acid import 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of MAP kinase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

phosphatidylcholine biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to abscisic acid 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nucleotide-sugar transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of GTPase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.10E-03 1.00E+00 4.90E-02 4.04E-03 1.00E+00

ER to Golgi vesicle-mediated transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

aromatic amino acid family metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

alcohol metabolic process 1.00E+00 1.00E+00 1.00E+00 2.30E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of GTPase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.12E-02 1.00E+00 1.00E+00 1.98E-02 1.00E+00

lignin biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.03E-03 1.00E+00 1.00E+00 1.00E+00

acetyl-CoA biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.02E-02 1.00E+00 1.00E+00

negative regulation of cell death 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of protein kinase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of MAP kinase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of programmed cell death 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

aerobic respiration 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

organic anion transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

exocytosis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to xenobiotic stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.49E-02 1.00E+00 1.00E+00 1.00E+00

galactolipid biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.33E-03 1.00E+00 1.00E+00

negative regulation of phosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



galactolipid metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.23E-03 1.00E+00 1.00E+00

phosphatidylcholine metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

glycolipid biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.50E-03 1.00E+00 1.00E+00

response to red light 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

flower morphogenesis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of ARF protein signal transduction 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

stomatal movement 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cortical microtubule organization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

lignin metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of cell death 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of reactive oxygen species metabolic process 1.00E+00 1.00E+00 1.00E+00 2.06E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of programmed cell death 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

zinc II ion transmembrane transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cytoplasmic microtubule organization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

isoprenoid metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cortical cytoskeleton organization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein deubiquitination 1.00E+00 1.00E+00 2.54E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

secretion by cell 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

meristem initiation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

vesicle-mediated transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

peptidyl-tyrosine dephosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sulfate assimilation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.41E-05 1.00E+00 5.94E-04 2.83E-07 1.00E+00

endosperm development 1.00E+00 1.00E+00 1.00E+00 1.73E-02 1.00E+00 3.02E-04 1.00E+00 4.35E-04 5.24E-04 1.00E+00

cotyledon development 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.03E-04 1.00E+00 1.63E-03 1.12E-03 1.62E-03

embryo development ending in seed dormancy 1.00E+00 8.05E-05 6.45E-09 1.00E+00 1.00E+00 6.10E-04 1.00E+00 1.54E-10 3.45E-03 7.88E-07

embryo development 1.00E+00 4.69E-05 7.56E-06 1.00E+00 1.00E+00 8.29E-04 1.00E+00 5.40E-12 2.75E-04 1.10E-06

oxidoreduction coenzyme metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.37E-03 1.19E-03 1.00E+00 1.00E+00 1.00E+00

regulation of catalytic activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.88E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of catalytic activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.10E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sucrose metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.93E-03 1.00E+00 2.59E-04 2.75E-04 1.48E-04



leaf development 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.17E-03 1.00E+00 1.86E-02 1.00E+00 1.00E+00

nucleotide metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.49E-03 6.38E-04 1.00E+00 3.09E-03 1.00E+00

nucleoside phosphate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.59E-03 1.25E-03 1.00E+00 3.70E-03 1.00E+00

regulation of hydrolase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.52E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00

defense response to fungus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.86E-03 1.00E+00 1.00E+00 1.08E-02 1.00E+00

photosynthesis, light reaction 1.00E+00 1.00E+00 1.00E+00 2.85E-02 1.00E+00 1.03E-02 1.60E-03 1.00E+00 1.00E+00 1.00E+00

cellulose biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.48E-02 1.00E+00 7.82E-04 1.19E-02 4.88E-03

glutamine metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.50E-02 1.00E+00 1.00E+00 1.53E-02 1.00E+00

mismatch repair 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.50E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00

water transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.91E-02 1.00E+00 1.00E+00 4.46E-02 1.00E+00

seed development 1.00E+00 2.37E-02 1.71E-05 1.00E+00 1.00E+00 2.97E-02 1.00E+00 1.89E-07 1.00E+00 1.92E-04

chiasma assembly 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.31E-02 1.00E+00 1.00E+00 4.65E-02 1.00E+00

pyridine nucleotide biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.47E-02 1.00E+00 4.12E-02 5.52E-03 1.00E+00

response to nutrient 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.55E-02 1.00E+00 4.14E-02 4.46E-02 4.23E-02

fruit development 1.00E+00 2.39E-02 2.05E-05 1.00E+00 1.00E+00 4.76E-02 1.00E+00 2.13E-07 1.00E+00 1.23E-04

detection of biotic stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

ribosome biogenesis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of multi-organism process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

rRNA processing 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.31E-02 1.00E+00 1.00E+00 1.00E+00

regulation of hydrogen peroxide metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

carboxylic acid metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

ncRNA metabolic process 1.00E+00 2.30E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

photosynthesis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

MAPK cascade 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein complex assembly 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.00E-03 1.00E+00 1.00E+00 1.00E+00

regulation of protein dephosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA-templated transcription, elongation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of defense response 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

jasmonic acid mediated signaling pathway 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

systemic acquired resistance, salicylic acid mediated signaling pathway 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



cellular response to jasmonic acid stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

Golgi organization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

salicylic acid biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein oligomerization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of cell communication 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular respiration 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of cell death 1.00E+00 1.00E+00 1.00E+00 1.26E-13 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

signal transduction by phosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

salicylic acid metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

tissue development 1.00E+00 1.00E+00 4.40E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to salicylic acid stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

purine nucleotide metabolic process 1.00E+00 1.00E+00 4.49E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.29E-05 5.76E-04 1.30E-03

glycolytic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sulfate transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

(1->3)-beta-D-glucan biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.70E-03 2.61E-03

regulation of cell shape 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.87E-03 3.32E-03

ATP biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.88E-03 3.88E-03 2.87E-03

NAD metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.08E-02 1.00E+00

purine ribonucleotide metabolic process 1.00E+00 1.00E+00 2.72E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.48E-03 3.22E-02 2.34E-02

electron transport chain 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.30E-02 1.00E+00

translational elongation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.46E-02 1.00E+00

dephosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

G2/M transition of mitotic cell cycle 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of G2/M transition of mitotic cell cycle 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of cellular protein metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cytokinesis 1.00E+00 1.00E+00 1.42E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein insertion into membrane 1.92E-08 1.00E+00 1.63E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein dephosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA replication initiation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to cyclopentenone 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



histone phosphorylation 1.00E+00 1.00E+00 1.00E+00 4.42E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

carbohydrate biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.55E-02 1.00E+00 1.00E+00 1.00E+00

endomembrane system organization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of mitotic cell cycle 1.00E+00 1.00E+00 4.94E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of cyclin-dependent protein serine/threonine kinase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

pyruvate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sucrose biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

D-ribose metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

hyperosmotic salinity response 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of protein kinase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of protein serine/threonine kinase activity 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

hyperosmotic response 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of protein phosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of phosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of cell cycle process 1.00E+00 1.00E+00 3.48E-03 1.83E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell division 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular amino acid metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to endoplasmic reticulum stress 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nitrate assimilation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to wounding 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to unfolded protein 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

endoplasmic reticulum unfolded protein response 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to cadmium ion 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to unfolded protein 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to chitin 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

shoot system development 1.00E+00 1.00E+00 4.97E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of cell proliferation 1.00E+00 1.00E+00 1.00E+00 1.85E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

phosphate-containing compound metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

detection of bacterium 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

long-day photoperiodism, flowering 1.63E-04 1.85E-20 2.94E-16 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



photomorphogenesis 3.65E-02 1.83E-04 9.43E-16 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

lipid storage 2.62E-02 3.90E-10 1.32E-15 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to freezing 4.26E-02 4.11E-10 1.54E-15 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

long-day photoperiodism 1.85E-03 3.09E-17 2.76E-14 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein ubiquitination 4.84E-04 3.50E-04 8.44E-14 3.18E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sugar mediated signaling pathway 1.00E+00 7.60E-08 3.50E-12 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to red or far red light 1.00E+00 9.63E-03 3.77E-12 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

seed dormancy process 1.00E+00 6.37E-07 5.34E-12 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

7-methylguanosine RNA capping 1.65E-02 1.88E-18 5.82E-12 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

multicellular organism reproduction 1.00E+00 2.08E-04 3.46E-10 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

seed maturation 1.00E+00 2.61E-05 7.99E-10 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of flower development 1.00E+00 7.41E-03 1.56E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

seed germination 1.00E+00 3.03E-03 8.92E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to radiation 1.00E+00 5.47E-04 1.03E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

seedling development 1.00E+00 5.21E-04 2.56E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

vegetative to reproductive phase transition of meristem 1.00E+00 1.00E+00 2.56E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

histone H3-K9 methylation 4.81E-02 1.83E-06 3.12E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of circadian rhythm 1.00E+00 1.00E+00 3.12E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of shoot system development 1.00E+00 1.00E+00 3.38E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to gamma radiation 1.00E+00 1.00E+00 7.80E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.33E-03 1.00E+00 2.47E-02

histone methylation 1.00E+00 3.67E-02 8.44E-07 3.02E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein deneddylation 1.00E+00 1.00E+00 8.52E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

ribonucleoside monophosphate biosynthetic process 1.00E+00 1.00E+00 8.52E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.66E-02 1.00E+00 1.00E+00

photoperiodism, flowering 2.63E-02 1.15E-06 8.54E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cullin deneddylation 1.00E+00 1.00E+00 1.05E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

meristem structural organization 1.00E+00 8.04E-03 1.47E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

peptidyl-lysine methylation 1.00E+00 1.64E-02 1.70E-06 4.23E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nucleobase-containing compound metabolic process 1.00E+00 1.00E+00 2.09E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

histone lysine methylation 1.00E+00 1.43E-02 2.13E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mRNA splicing, via spliceosome 2.19E-02 1.42E-12 2.64E-06 4.27E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



flower development 1.00E+00 1.00E+00 2.89E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to light stimulus 1.00E+00 4.22E-04 3.41E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein methylation 1.00E+00 4.56E-02 3.73E-06 1.55E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

photoperiodism 1.00E+00 2.05E-05 3.93E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA metabolic process 1.00E+00 3.83E-08 4.01E-06 2.85E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

macromolecule modification 1.00E+00 1.00E+00 4.79E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

intra-Golgi vesicle-mediated transport 3.25E-02 1.00E+00 6.25E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

transcription, DNA-templated 4.78E-02 1.00E+00 6.32E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

transcription from RNA polymerase II promoter 1.00E+00 8.69E-15 6.53E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

macromolecule biosynthetic process 1.00E+00 1.00E+00 7.27E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

rRNA modification 1.00E+00 1.00E+00 1.12E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

histone modification 1.00E+00 1.00E+00 1.26E-05 2.03E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

purine ribonucleoside monophosphate biosynthetic process 1.00E+00 1.00E+00 1.42E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.11E-02 1.00E+00 1.00E+00

reproduction 1.00E+00 1.00E+00 1.78E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mRNA transport 1.00E+00 2.59E-10 1.88E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

autophagy 1.00E+00 1.00E+00 2.19E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to ionizing radiation 1.00E+00 1.00E+00 2.34E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.01E-02 1.00E+00 1.00E+00

purine nucleotide biosynthetic process 1.00E+00 1.00E+00 2.44E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of transcription, DNA-templated 1.00E+00 1.00E+00 2.47E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular biosynthetic process 1.00E+00 1.00E+00 3.25E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to cytokinin stimulus 1.00E+00 4.48E-03 3.52E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chromatin modification 1.00E+00 1.00E+00 3.88E-05 1.52E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

riboflavin biosynthetic process 4.16E-05 1.00E+00 7.24E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nitrogen compound metabolic process 1.00E+00 1.00E+00 7.45E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

flavin-containing compound metabolic process 4.51E-05 1.00E+00 7.60E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of transcription, DNA-templated 1.76E-02 2.35E-08 7.61E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular aromatic compound metabolic process 1.00E+00 1.00E+00 1.28E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

production of miRNAs involved in gene silencing by miRNA 7.07E-03 1.63E-08 1.32E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

modulation by virus of host morphology or physiology 1.00E+00 1.00E+00 1.42E-04 3.02E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

telomere maintenance in response to DNA damage 1.00E+00 1.00E+00 1.52E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



viral process 1.00E+00 1.00E+00 1.52E-04 8.01E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of telomere maintenance 1.00E+00 1.00E+00 2.04E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to carbohydrate 1.00E+00 3.83E-08 2.06E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

covalent chromatin modification 1.00E+00 1.00E+00 2.24E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mRNA metabolic process 1.00E+00 1.14E-04 2.33E-04 3.75E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

triglyceride biosynthetic process 1.00E+00 2.64E-02 2.85E-04 6.54E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

biosynthetic process 1.00E+00 1.00E+00 2.85E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

gene silencing by miRNA 4.29E-02 9.82E-06 2.98E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of biological process 1.00E+00 1.00E+00 2.98E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

epidermal cell differentiation 1.00E+00 1.00E+00 3.06E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

production of small RNA involved in gene silencing by RNA 3.90E-02 1.88E-05 3.30E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to cold 1.00E+00 1.00E+00 3.41E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

RNA biosynthetic process 1.00E+00 1.00E+00 4.11E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of metabolic process 8.16E-03 1.00E+00 4.86E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

purine ribonucleotide biosynthetic process 1.00E+00 1.00E+00 5.66E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

RNA modification 1.00E+00 1.00E+00 5.81E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA methylation 1.84E-02 2.01E-09 6.38E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA replication 1.00E+00 9.56E-03 6.53E-04 8.74E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular protein modification process 1.00E+00 1.00E+00 6.56E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

female gamete generation 1.00E+00 1.83E-02 6.68E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

triglyceride metabolic process 1.00E+00 1.00E+00 7.63E-04 1.32E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chromatin organization 1.00E+00 1.00E+00 7.87E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

embryo sac egg cell differentiation 1.00E+00 1.17E-02 7.87E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to cytokinin 1.00E+00 2.30E-02 9.84E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

RNA splicing, via endonucleolytic cleavage and ligation 1.00E+00 3.42E-09 1.06E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein acetylation 1.00E+00 1.00E+00 1.16E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cytokinesis by cell plate formation 1.00E+00 1.12E-02 1.26E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

methylation 1.00E+00 1.00E+00 1.45E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of RNA biosynthetic process 1.00E+00 1.00E+00 1.56E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mRNA modification 1.00E+00 1.00E+00 2.67E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



signal peptide processing 1.00E+00 7.22E-03 3.17E-03 4.42E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein metabolic process 1.00E+00 1.00E+00 3.19E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of gene expression, epigenetic 1.00E+00 1.18E-04 3.26E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

post-embryonic development 1.00E+00 1.00E+00 4.33E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

gamete generation 1.00E+00 1.64E-02 4.45E-03 3.97E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular protein metabolic process 1.00E+00 1.00E+00 4.45E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

developmental process involved in reproduction 1.00E+00 1.00E+00 4.67E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

telomere maintenance 1.00E+00 1.00E+00 4.95E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

epidermis development 1.00E+00 1.00E+00 5.53E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

glycerolipid biosynthetic process 1.00E+00 1.00E+00 5.53E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sphingoid biosynthetic process 1.00E+00 1.00E+00 6.02E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

posttranscriptional gene silencing by RNA 1.62E-02 1.82E-03 6.09E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

phosphatidylinositol biosynthetic process 1.00E+00 1.00E+00 6.09E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of cellular process 1.00E+00 1.00E+00 6.39E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

megagametogenesis 1.00E+00 4.54E-02 6.71E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

reproductive structure development 1.00E+00 1.00E+00 7.49E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of gene expression 1.00E+00 1.00E+00 8.82E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of nitrogen compound metabolic process 1.00E+00 1.00E+00 9.33E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mRNA processing 1.00E+00 2.31E-04 9.35E-03 4.98E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sexual reproduction 1.00E+00 1.00E+00 1.14E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cytoskeleton organization 1.00E+00 1.00E+00 1.18E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

heme biosynthetic process 8.47E-06 4.37E-03 1.18E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mitotic cytokinesis 1.00E+00 3.94E-02 1.24E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of developmental process 1.00E+00 1.00E+00 1.30E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein targeting to vacuole 2.00E-03 1.00E+00 1.30E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

recognition of pollen 1.00E+00 1.00E+00 1.33E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

posttranscriptional gene silencing 2.19E-02 4.85E-03 1.33E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chromosome organization 1.00E+00 1.00E+00 1.33E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

pollen-pistil interaction 1.00E+00 1.00E+00 1.44E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

ribonucleotide metabolic process 1.00E+00 1.00E+00 1.45E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



positive regulation of flower development 1.00E+00 1.00E+00 1.45E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

RNA metabolic process 1.00E+00 1.00E+00 1.48E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of multicellular organismal development 1.00E+00 1.00E+00 1.64E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

symbiosis, encompassing mutualism through parasitism 1.00E+00 1.00E+00 1.71E-02 2.85E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of meiotic cell cycle 1.00E+00 1.00E+00 1.75E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

interspecies interaction between organisms 1.00E+00 1.00E+00 1.88E-02 3.07E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chromatin silencing 1.00E+00 1.09E-06 1.93E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

gene silencing 1.00E+00 3.85E-02 2.24E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sphingolipid biosynthetic process 1.00E+00 1.00E+00 2.43E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of chromosome organization 1.00E+00 1.00E+00 2.48E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular metabolic process 1.00E+00 1.00E+00 2.55E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

meiotic nuclear division 1.00E+00 1.00E+00 2.69E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of cell cycle 1.00E+00 1.00E+00 2.80E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

karyogamy 1.00E+00 1.00E+00 2.83E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

anatomical structure morphogenesis 1.00E+00 1.00E+00 2.95E-02 1.11E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of RNA metabolic process 1.00E+00 1.00E+00 2.98E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cytokinin-activated signaling pathway 1.00E+00 1.00E+00 3.01E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

RNA splicing 1.00E+00 8.85E-06 3.16E-02 3.51E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nucleoside metabolic process 1.00E+00 1.00E+00 4.32E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein import into peroxisome matrix 1.00E+00 1.00E+00 4.84E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

meristem development 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

RNA methylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

gene silencing by RNA 1.00E+00 1.19E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

plastid translation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

histone H3-K4 methylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of gene expression, epigenetic 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

methionine biosynthetic process 1.00E+00 8.98E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

posttranscriptional regulation of gene expression 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

methionine metabolic process 1.00E+00 1.28E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



aspartate family amino acid biosynthetic process 1.00E+00 3.01E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein processing 1.00E+00 1.00E+00 1.00E+00 4.42E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mitotic cell cycle 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell cycle checkpoint 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

malate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of primary metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of gene expression 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to temperature stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of nuclear division 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

vitamin metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell cycle 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

microtubule cytoskeleton organization 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

ribosomal small subunit biogenesis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

calcium ion transport 2.13E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

anthocyanin-containing compound metabolic process 3.78E-02 1.15E-11 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

guard cell differentiation 2.95E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of seed germination 6.87E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

galactose metabolic process 1.69E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

xylem and phloem pattern formation 3.74E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protoporphyrinogen IX biosynthetic process 8.58E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nucleobase transport 9.05E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

defense response to bacterium, incompatible interaction 1.09E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of cellular amino acid metabolic process 1.09E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

purine nucleobase transport 1.17E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

arginine biosynthetic process 1.50E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular protein localization 2.84E-02 2.30E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

defense response to fungus, incompatible interaction 2.89E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of catalytic activity 3.50E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

coumarin metabolic process 3.69E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

anthocyanin-containing compound biosynthetic process 3.78E-02 1.42E-12 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



vacuolar transport 3.85E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

coumarin biosynthetic process 3.87E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nuclear-transcribed mRNA catabolic process, nonsense-mediated decay 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sulfur amino acid metabolic process 1.00E+00 2.51E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular amino acid biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sulfur compound biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of gene silencing 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

serine family amino acid metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of plant-type hypersensitive response 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

programmed cell death 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein targeting to membrane 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

salicylic acid mediated signaling pathway 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cysteine biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cysteine metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell death 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

systemic acquired resistance 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sulfur compound metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell redox homeostasis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

RNA processing 1.00E+00 1.00E+00 1.00E+00 9.63E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

specification of symmetry 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of immune response 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

protein autophosphorylation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

determination of bilateral symmetry 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

host programmed cell death induced by symbiont 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chromatin silencing by small RNA 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of innate immune response 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

brassinosteroid mediated signaling pathway 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.79E-02 1.00E+00 1.00E+00

plant-type hypersensitive response 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

triterpenoid biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to brassinosteroid stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.31E-02 1.00E+00 1.00E+00



cell wall macromolecule metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to UV-B 1.00E+00 1.06E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

flavonoid metabolic process 1.00E+00 8.11E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

flavonoid biosynthetic process 1.00E+00 1.09E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

pollen tube guidance 1.00E+00 2.31E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

base-excision repair 1.00E+00 2.38E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to sucrose 1.00E+00 2.45E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cytokinin biosynthetic process 1.00E+00 1.42E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.53E-03

response to UV 1.00E+00 4.48E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

maintenance of protein location 1.00E+00 6.96E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

amino acid transmembrane transport 1.00E+00 2.04E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cytokinin metabolic process 1.00E+00 2.58E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.48E-02

pollen sperm cell differentiation 1.00E+00 2.98E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

proteasome-mediated ubiquitin-dependent protein catabolic process 1.00E+00 3.43E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chromatin assembly or disassembly 1.00E+00 4.63E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

pentacyclic triterpenoid biosynthetic process 1.00E+00 4.68E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

isocitrate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

sister chromatid cohesion 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of proton transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of ion transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nucleoside transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

nucleic acid phosphodiester bond hydrolysis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

defense response signaling pathway, resistance gene-dependent 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

phosphate ion transport 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chromosome segregation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

meiotic chromosome segregation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA packaging 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.40E-03 1.00E+00 1.00E+00 1.00E+00

nucleotide-sugar biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.60E-03 1.00E+00 1.00E+00 1.00E+00

nucleotide-sugar metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.90E-03 1.00E+00 1.00E+00 1.00E+00



nuclear-transcribed mRNA catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.51E-02 1.00E+00 1.00E+00 1.00E+00

circadian rhythm 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.16E-02 1.00E+00 1.00E+00 1.00E+00

nucleotide-excision repair 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.18E-02 1.00E+00 1.00E+00 1.00E+00

RNA catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.41E-02 1.00E+00 1.00E+00 1.00E+00

mRNA catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.54E-02 1.00E+00 1.00E+00 1.00E+00

cellular response to nitrogen starvation 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.63E-02 1.00E+00 1.00E+00 1.00E+00

rhythmic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.68E-02 1.00E+00 1.00E+00 1.00E+00

DNA repair 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular macromolecule catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to DNA damage stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell wall modification 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular amino acid catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

aromatic amino acid family biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

proteolysis involved in cellular protein catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

embryonic axis specification 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.22E-04 1.00E+00 1.94E-03

suberin biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.78E-04 1.00E+00 1.00E+00

multidimensional cell growth 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.84E-03 1.00E+00 3.69E-02

RNA-dependent DNA replication 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.00E-03 1.00E+00 7.71E-03

glucosinolate catabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to salt stress 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of signal transduction 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

abscisic acid-activated signaling pathway 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to osmotic stress 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to abscisic acid stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

lipid biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to stress 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

adaxial/abaxial axis specification 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

phosphatidylinositol metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

polarity specification of adaxial/abaxial axis 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

lipid metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



regulation of sulfur metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of cell proliferation 1.00E+00 1.00E+00 1.00E+00 2.16E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

auxin efflux 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to metal ion 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell proliferation 1.00E+00 1.00E+00 1.00E+00 8.74E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

defense response, incompatible interaction 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to organonitrogen compound 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA-dependent DNA replication 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

photorespiration 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to toxic substance 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

carpel development 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of carbohydrate metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of programmed cell death 1.00E+00 1.00E+00 1.00E+00 8.98E-11 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

superoxide metabolic process 1.00E+00 1.00E+00 1.00E+00 1.85E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

removal of superoxide radicals 1.00E+00 1.00E+00 1.00E+00 4.21E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

dolichol biosynthetic process 1.00E+00 1.00E+00 1.00E+00 6.24E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chromosome separation 1.00E+00 1.00E+00 1.00E+00 1.46E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA endoreduplication 1.00E+00 1.00E+00 1.00E+00 8.74E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell differentiation 1.00E+00 1.00E+00 1.00E+00 3.17E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to oxidative stress 1.00E+00 1.00E+00 1.00E+00 3.64E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of DNA replication 1.00E+00 1.00E+00 1.00E+00 7.95E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to superoxide 1.00E+00 1.00E+00 1.00E+00 9.63E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular response to reactive oxygen species 1.00E+00 1.00E+00 1.00E+00 1.02E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of DNA endoreduplication 1.00E+00 1.00E+00 1.00E+00 1.34E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of defense response 1.00E+00 1.00E+00 1.00E+00 1.55E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

malate transport 1.00E+00 1.00E+00 1.00E+00 1.72E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

embryonic pattern specification 1.00E+00 1.00E+00 1.00E+00 2.12E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cellular developmental process 1.00E+00 1.00E+00 1.00E+00 2.43E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mitotic recombination 1.00E+00 1.00E+00 1.00E+00 2.84E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of gene expression 1.00E+00 1.00E+00 1.00E+00 4.42E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



photosynthetic electron transport in photosystem I 1.00E+00 1.00E+00 1.00E+00 4.72E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

root epidermal cell differentiation 1.00E+00 1.00E+00 1.00E+00 4.73E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

DNA methylation on cytosine 1.00E+00 1.00E+00 1.00E+00 4.73E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of cellular process 1.00E+00 1.00E+00 1.00E+00 4.82E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

embryonic meristem initiation 1.00E+00 1.00E+00 1.00E+00 5.14E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

regulation of systemic acquired resistance 1.00E+00 1.00E+00 1.00E+00 6.13E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

purine nucleobase metabolic process 1.00E+00 1.00E+00 1.00E+00 8.20E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

mitotic nuclear division 1.00E+00 1.00E+00 1.00E+00 9.48E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of cell cycle 1.00E+00 1.00E+00 1.00E+00 1.04E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

proteolysis 1.00E+00 1.00E+00 1.00E+00 1.47E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

chlorophyll catabolic process 1.00E+00 1.00E+00 1.00E+00 1.51E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

trichome morphogenesis 1.00E+00 1.00E+00 1.00E+00 1.61E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

root morphogenesis 1.00E+00 1.00E+00 1.00E+00 1.72E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

trichoblast differentiation 1.00E+00 1.00E+00 1.00E+00 1.74E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

positive regulation of transcription, DNA-templated 1.00E+00 1.00E+00 1.00E+00 1.83E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

trichome differentiation 1.00E+00 1.00E+00 1.00E+00 2.03E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

dicarboxylic acid transport 1.00E+00 1.00E+00 1.00E+00 2.16E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

spindle assembly 1.00E+00 1.00E+00 1.00E+00 2.48E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

photosynthetic electron transport chain 1.00E+00 1.00E+00 1.00E+00 2.77E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to misfolded protein 1.00E+00 1.00E+00 1.00E+00 3.06E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

negative regulation of flower development 1.00E+00 1.00E+00 1.00E+00 3.32E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

cell growth 1.00E+00 1.00E+00 1.00E+00 3.69E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

primary shoot apical meristem specification 1.00E+00 1.00E+00 1.00E+00 4.23E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

proteasome assembly 1.00E+00 1.00E+00 1.00E+00 4.78E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

leaf senescence 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

reactive oxygen species metabolic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

histidine biosynthetic process 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

response to extracellular stimulus 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

organ senescence 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



DTF LTF
Rosette 

dry mass
Rosette 

diameter
Area (day 

21)
Area (day 

29)
Perimeter 

(day 21)
Perimeter 

(day 29)
Area 

growth
Perimeter 

growth

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.08E-02 9.54E-04 7.08E-05 2.31E-05 2.32E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.12E-06 4.42E-02 1.84E-06 5.36E-06 1.46E-04

1.00E+00 1.00E+00 1.00E+00 1.03E-04 3.68E-04 1.00E+00 8.78E-05 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.94E-02 1.00E+00 2.76E-02 1.62E-02 2.28E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.53E-05 7.67E-05 2.45E-05 5.71E-04 1.14E-04 2.55E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.67E-07 5.01E-03 9.64E-10 1.46E-04 2.75E-03 1.63E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.34E-02 1.00E+00 5.92E-03 3.05E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 4.56E-02 1.21E-06 7.34E-03 2.39E-09 2.48E-04 3.12E-03 1.99E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.49E-06 1.00E+00 3.77E-06 1.52E-07 4.79E-06

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.74E-04 1.00E+00 4.12E-03 2.32E-04 2.72E-05

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.40E-02 2.09E-03 4.81E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.32E-04 2.44E-04 1.08E-04 4.24E-04 1.70E-04 2.43E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.42E-04 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.04E-04 1.27E-03 3.79E-04 8.72E-04 1.16E-03 3.20E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.32E-02 1.00E+00 4.36E-04 8.14E-06 9.45E-05

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.92E-03 1.00E+00 7.53E-03 1.50E-03 4.35E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.44E-04 1.00E+00 1.15E-03 2.60E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 6.13E-06 1.71E-04 1.00E+00 2.62E-03 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.98E-05 7.30E-04 1.00E+00 7.56E-04 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.47E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.32E-03 1.00E+00 9.41E-07 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.37E-02 1.00E+00 1.03E-02 4.34E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.59E-03 1.56E-03 1.65E-03 1.34E-03 1.33E-03 1.17E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.14E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.61E-05 1.00E+00 4.95E-04 4.31E-04 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.74E-04 1.00E+00 5.64E-04 1.38E-03 1.00E+00

Dominance deviation d



1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.90E-03 1.00E+00 4.31E-03 3.32E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.27E-02 1.00E+00 1.00E+00 1.23E-04 1.90E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.33E-03 1.00E+00 4.69E-03 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.94E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.95E-02 1.00E+00 4.65E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.60E-04 1.00E+00 1.00E+00 6.10E-03 2.47E-03 5.79E-03 7.29E-03 2.33E-03 7.18E-03

1.00E+00 1.00E+00 2.89E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.15E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.50E-03 1.00E+00 3.18E-02 1.00E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 5.45E-04 1.00E+00 1.00E+00 7.85E-03 2.74E-03 9.06E-03 8.03E-03 2.51E-03 6.69E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.79E-03 1.00E+00 1.04E-05 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.19E-03 1.00E+00 1.00E+00 3.73E-04 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.47E-06 1.00E+00 7.95E-04 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.79E-06 1.00E+00 3.77E-04 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.04E-05 1.00E+00 3.10E-03 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.91E-03 1.00E+00 7.03E-07 1.34E-09 3.41E-09

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.40E-02 1.00E+00 1.00E+00 2.02E-03 1.00E+00 1.69E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.85E-02 1.00E+00 1.83E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.91E-03 1.00E+00 3.92E-05 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.41E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.73E-02 1.00E+00 2.96E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.97E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.70E-02 1.00E+00 3.18E-02 3.32E-02 3.04E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.12E-02 1.00E+00 2.57E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.85E-06 1.00E+00 2.27E-06 2.65E-06 7.97E-07

1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.40E-09 3.58E-02 4.80E-07 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.18E-07 1.00E+00 9.73E-06 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.53E-07 1.00E+00 2.69E-05 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 8.55E-06 8.89E-06 1.00E+00 8.67E-06 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.41E-05 1.00E+00 9.43E-03 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.54E-05 1.00E+00 6.97E-06 1.39E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.32E-04 1.00E+00 1.49E-05 1.78E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.27E-04 1.00E+00 2.96E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.04E-04 1.00E+00 3.33E-03 8.27E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.19E-04 1.00E+00 3.97E-04 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 5.87E-03 1.00E+00 4.19E-04 1.00E+00 7.91E-03 5.80E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.73E-04 5.89E-04 5.95E-04 5.07E-04 5.36E-04 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.73E-04 6.03E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.88E-04 1.00E+00 3.65E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.22E-03 1.00E+00 1.78E-05 2.50E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.95E-02 1.42E-03 1.00E+00 1.22E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.47E-03 2.68E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.15E-03 1.00E+00 3.33E-03 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.90E-03 1.00E+00 1.00E+00 2.09E-02 1.00E+00 1.00E+00

3.08E-04 1.00E+00 1.00E+00 1.00E+00 4.79E-03 1.00E+00 3.42E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.09E-02 1.00E+00 3.18E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.15E-02 1.00E+00 4.42E-02 1.00E+00 1.00E+00 1.00E+00

3.77E-04 1.00E+00 1.00E+00 1.00E+00 1.15E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.95E-02 1.00E+00 1.00E+00 1.27E-02 2.92E-03 1.26E-02 1.01E-02 3.12E-03 2.58E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.39E-02 1.00E+00 3.18E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.42E-02 1.93E-04 1.50E-02 1.75E-04 1.79E-04 1.26E-04

1.00E+00 1.00E+00 8.85E-04 1.00E+00 1.43E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.77E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.59E-02 1.00E+00 1.00E+00 1.06E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.60E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.61E-02 1.00E+00 1.00E+00 7.72E-04 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.67E-02 1.00E+00 1.85E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.69E-02 1.00E+00 1.00E+00 2.57E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.07E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.30E-02 1.00E+00 1.00E+00 1.00E+00 2.20E-02 2.75E-02 1.00E+00 2.54E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.29E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.61E-02 1.00E+00 1.00E+00 2.71E-04 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.70E-03 2.68E-02 1.00E+00 1.00E+00 9.45E-12 1.00E-06 7.13E-08

1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.96E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

5.03E-04 1.00E+00 1.00E+00 1.00E+00 3.23E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 2.07E-03 3.25E-02 1.05E-04 1.00E+00 3.73E-04 5.85E-05 2.86E-03

3.94E-04 1.00E+00 1.00E+00 1.00E+00 3.50E-02 4.87E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.59E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 2.30E-03 3.79E-02 1.00E+00 1.00E+00 2.88E-11 1.82E-06 1.69E-07

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.00E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 3.20E-03 4.41E-02 1.00E+00 1.00E+00 6.70E-13 2.76E-06 3.18E-07

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.65E-02 1.00E+00 1.69E-05 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.67E-02 9.35E-04 4.47E-02 1.01E-03 9.54E-04 7.47E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.72E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.72E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.85E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.83E-03

1.41E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.76E-03 1.00E+00 1.00E+00 2.88E-07 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.69E-03 1.00E+00 7.08E-05 3.71E-04 7.84E-05

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.50E-02 1.00E+00 1.12E-02 7.17E-03 2.93E-03

1.00E+00 1.00E+00 8.85E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.02E-05 6.77E-03 6.40E-08

1.00E+00 1.00E+00 1.20E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.42E-05 1.18E-02 2.50E-06

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.95E-04 1.00E+00 5.80E-03 5.04E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.19E-04 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.42E-03 1.00E+00 1.37E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.69E-02 1.00E+00 1.78E-02 2.17E-05 1.05E-05



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.69E-04 1.00E+00 1.00E+00 6.05E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.54E-04 1.00E+00 1.00E+00 6.98E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.63E-03 1.44E-02 1.36E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.71E-04 1.00E+00 9.29E-04 2.92E-04 2.22E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.86E-03 9.08E-03 2.85E-03

1.00E+00 1.00E+00 4.86E-02 1.00E+00 1.00E+00 1.38E-02 1.00E+00 3.81E-05 2.27E-02 3.37E-07

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.09E-02 1.00E+00 2.96E-02 2.73E-02 3.47E-03

1.00E+00 1.00E+00 1.28E-03 1.00E+00 1.00E+00 1.32E-02 1.00E+00 5.50E-05 2.36E-02 3.18E-07

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.83E-07 1.00E+00 2.65E-09 4.89E-08 6.26E-07

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.47E-06 1.00E+00 3.03E-03 1.18E-06 1.36E-02

1.00E+00 1.00E+00 1.00E+00 3.00E-02 1.00E+00 4.49E-06 1.00E+00 1.46E-07 1.32E-07 1.05E-05

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.42E-06 1.00E+00 1.59E-03 2.76E-06 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.16E-05 1.00E+00 9.54E-05 1.38E-05 7.20E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.80E-04 1.00E+00 4.93E-04 7.40E-05 1.00E+00

1.00E+00 1.00E+00 3.86E-02 1.00E+00 1.00E+00 1.69E-03 1.00E+00 1.00E+00 8.69E-04 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.41E-03 1.00E+00 6.29E-03 7.72E-04 3.58E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.92E-03 1.00E+00 8.90E-05 2.24E-03 1.34E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.21E-03 1.59E-02 4.88E-03 5.54E-04 2.64E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.55E-03 1.00E+00 6.95E-05 2.17E-08 3.48E-07

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.05E-03 1.57E-03 2.90E-02 4.32E-03 1.00E+00

8.57E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.17E-03 1.00E+00 3.04E-02 2.50E-03 1.00E+00

6.97E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.67E-03 1.00E+00 2.43E-02 2.70E-02 1.00E+00

4.06E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.86E-03 1.00E+00 8.02E-03 5.47E-03 3.47E-02



2.18E-03 2.22E-03 1.00E+00 1.00E+00 1.00E+00 7.86E-03 1.00E+00 4.35E-02 4.13E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.26E-02 1.00E+00 3.42E-04 9.63E-05 4.50E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.28E-02 1.00E+00 2.21E-08 1.11E-03 7.13E-08

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.34E-02 1.00E+00 8.20E-04 1.36E-02 6.44E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.40E-02 1.00E+00 4.57E-02 1.00E+00 1.00E+00

1.00E+00 2.79E-02 1.00E+00 1.00E+00 1.00E+00 1.69E-02 1.00E+00 1.00E+00 1.90E-02 1.79E-02

1.00E+00 1.00E+00 1.00E+00 1.02E-06 1.00E+00 1.69E-02 1.00E+00 1.00E+00 1.61E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.75E-02 1.00E+00 2.57E-03 2.62E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.52E-02 1.00E+00 2.63E-07 3.67E-03 3.18E-07

1.00E+00 1.00E+00 1.61E-03 1.00E+00 1.00E+00 3.59E-02 1.00E+00 3.98E-05 2.26E-03 8.97E-03

1.58E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.17E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 4.88E-03 3.59E-02 1.00E+00 4.44E-02 1.00E+00 4.17E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.56E-02 1.00E+00 8.68E-05 1.23E-04 9.16E-05

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.91E-02 1.00E+00 1.00E+00 4.65E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.67E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.10E-04 5.97E-05

1.00E+00 1.00E+00 1.00E+00 4.18E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.29E-04 9.78E-05

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.28E-03 3.13E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.15E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.92E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.10E-04 2.26E-07 7.72E-10

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.18E-02 2.74E-05 2.74E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.43E-02 3.45E-05 3.38E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.70E-03 3.81E-05 3.36E-03

1.00E+00 2.73E-02 1.22E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.33E-04 3.82E-05 3.42E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.99E-05 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.17E-04 4.33E-05 8.38E-08

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.03E-04 2.26E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.15E-03 7.36E-04 2.24E-02



1.00E+00 1.00E+00 4.64E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.51E-02 7.49E-04 1.53E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.18E-02 7.63E-04 1.24E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.37E-03 1.96E-03 7.88E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.26E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.26E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.36E-02 3.40E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.99E-03 3.47E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.80E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.50E-02 4.80E-03 4.04E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.88E-03 5.95E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.50E-03 7.25E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.03E-02 7.39E-03 1.54E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.91E-03 7.87E-03 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.02E-03 8.33E-03 1.00E+00

1.00E+00 1.00E+00 2.49E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 9.69E-03 4.28E-02

1.00E+00 1.00E+00 1.28E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.50E-05 1.33E-02 1.34E-02

1.89E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.36E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.86E-06 1.61E-02 3.48E-07

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.66E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.57E-03 2.22E-02 1.00E+00

1.84E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.58E-02 2.32E-03

1.63E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.81E-02 3.40E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.81E-02 3.58E-04

2.38E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.07E-02 4.85E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.84E-02 3.39E-02 5.24E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.28E-02 3.76E-02 1.21E-02

1.00E+00 1.00E+00 1.00E+00 7.28E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.80E-02 2.62E-05

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.53E-02 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.94E-02 1.00E+00

3.86E-12 1.91E-24 1.46E-25 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



6.70E-03 2.32E-06 1.54E-14 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.56E-04 1.73E-10 1.78E-18 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

6.00E-04 1.13E-09 2.87E-17 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.85E-20 2.67E-25 2.29E-23 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.49E-03 3.83E-10 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.31E-02 1.44E-08 1.67E-15 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.11E-03 1.57E-12 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.62E-07 1.05E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.27E-06 1.22E-17 8.43E-19 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.50E-04

1.00E+00 2.49E-03 1.03E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.17E-08 1.21E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.24E-02 1.76E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.31E-04 7.62E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 6.81E-04 7.06E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.57E-02 7.23E-07 1.02E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.49E-03 2.86E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.31E-05 4.50E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.03E-02 1.57E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.30E-02 4.34E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.03E-02 3.19E-10 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.38E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.73E-03 1.27E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.69E-05 1.46E-09 4.30E-11 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 5.55E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 8.89E-05 4.21E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 5.88E-03 6.95E-10 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.74E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.18E-03 7.16E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

6.26E-04 1.62E-11 8.36E-10 4.14E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.32E-05 6.02E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.82E-02 2.08E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.02E-08 6.98E-11 4.05E-11 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.07E-02 1.54E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.96E-03 1.00E+00 8.20E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.17E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

5.50E-03 8.27E-16 1.06E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.47E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 3.34E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 4.07E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.78E-03 1.46E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.52E-02 8.50E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.29E-02 8.10E-07 2.01E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E-02 1.89E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

7.60E-03 1.00E+00 5.35E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.40E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 8.15E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

7.30E-09 1.00E+00 8.99E-11 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.97E-11 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

8.97E-09 1.00E+00 8.55E-11 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.64E-03 1.29E-11 2.00E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.40E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.93E-04 1.02E-07 6.38E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 9.51E-04 1.22E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 1.00E+00 7.23E-04 1.04E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.36E-11 2.85E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.30E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.31E-04 6.13E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 2.97E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.52E-07 4.28E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

6.57E-04 2.44E-06 2.67E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.92E-04 1.34E-03 2.89E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.06E-03 8.42E-06 8.42E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 9.21E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.18E-02

1.00E+00 1.00E+00 5.76E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.26E-02 4.89E-05 2.09E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.15E-02 3.67E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.97E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.99E-02 2.01E-11 8.96E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 7.44E-04 3.76E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.40E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.56E-03 7.59E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.51E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 7.61E-11 6.44E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 6.72E-03 6.86E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.22E-02 3.92E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.93E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 7.95E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 6.85E-06 1.36E-10 1.16E-10 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.19E-02 1.00E+00 1.00E+00 1.44E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.57E-02 3.73E-08 8.78E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 8.57E-03 1.00E+00 2.22E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.94E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.57E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.50E-02 1.05E-03 3.50E-07 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 4.34E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.44E-04 1.34E-03 1.12E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.73E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 5.39E-03 1.00E+00 3.95E-04

1.00E+00 1.02E-07 2.49E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 9.51E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.85E-04 1.77E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

6.97E-04 2.83E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.50E-02 3.30E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

6.99E-03 1.00E+00 4.85E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.57E-02 1.98E-03 4.72E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 7.39E-03 5.30E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

7.60E-03 1.00E+00 4.95E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 6.40E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 3.43E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 6.04E-04 3.70E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 7.17E-04 4.26E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.27E-02 1.70E-07 2.44E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.32E-08 1.02E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.09E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.74E-03 1.00E+00 5.63E-06 5.13E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 9.16E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.09E-06 8.00E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.39E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 4.64E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.73E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.57E-02 3.75E-11 2.16E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.72E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.73E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.75E-03 6.64E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 6.85E-06 7.43E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.37E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.40E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.14E-04 1.97E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 2.85E-04 4.57E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 4.85E-03 1.63E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.21E-03

1.00E+00 1.03E-02 5.76E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 6.50E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

7.72E-03 1.00E+00 7.02E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 8.60E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 8.98E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.08E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.12E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.55E-03 1.00E+00 1.68E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.60E-02 2.02E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 5.43E-03 2.76E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 2.92E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 3.25E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 8.35E-13 4.86E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.08E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.75E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

7.38E-04 2.01E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.74E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.05E-03 2.66E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.57E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

6.50E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.47E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 9.44E-14 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

5.54E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.30E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.33E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

5.18E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.89E-03 1.62E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.19E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

5.09E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

6.37E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

6.61E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

7.80E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

9.32E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.11E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.17E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.44E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.78E-02 1.00E+00 7.95E-04

1.55E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.55E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.57E-02 3.16E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.99E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.03E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.27E-02 2.66E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.50E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.57E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

2.98E-02 7.65E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.38E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

3.57E-02 3.95E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.06E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.47E-02 2.18E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

4.54E-02 4.89E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



4.62E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.64E-07 1.00E+00 4.40E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.42E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.59E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.77E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.05E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.73E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.74E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.35E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.78E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.94E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 3.30E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 6.89E-05 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.34E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.84E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.57E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.12E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 5.12E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 8.02E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 8.07E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 8.69E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.50E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 2.52E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 4.87E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.39E-04 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.03E-03 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.21E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.39E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.41E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.49E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.86E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.47E-02 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.34E-03 1.00E+00 1.20E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.85E-03 1.00E+00 1.64E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.96E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.12E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.70E-03 1.00E+00 5.01E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.58E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.53E-03 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.37E-02 1.00E+00 3.37E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.68E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.71E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.02E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.05E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.36E-02 1.00E+00 7.49E-04

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.57E-02 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.49E-02 1.00E+00 1.00E+00



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 6.69E-03

1.00E+00 1.00E+00 1.00E+00 3.64E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 7.88E-03

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.60E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.75E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.79E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 2.63E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.04E-02

1.00E+00 1.00E+00 1.00E+00 6.42E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.07E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.18E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.79E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 3.88E-02

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 4.39E-02

1.00E+00 1.00E+00 1.00E+00 1.52E-09 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.35E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 2.13E-08 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 5.41E-06 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 3.34E-10 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.34E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.51E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 5.56E-04 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.30E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 8.98E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 2.97E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 6.20E-03 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.63E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 1.90E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 4.08E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00

1.00E+00 1.00E+00 1.00E+00 4.12E-02 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00



Table S9. Genomic control (GC) per GWA experiment.
Additive encoding

Dominance deviation d
DTF 1.00 0.97 0.95
LTF 1.00 0.97 0.95
Dry mass 1.03 0.97 0.97
Rosette diameter 1.11 1.01 0.97
Area (day 21) 1.08 1.01 1.03
Perimeter (day 21) 1.09 0.99 1.03
Area (day 29) 1.13 0.99 1.01
Perimeter (day 29) 1.12 1.02 1.01
Area growth 1.14 0.98 1.00
Perimenter growth 0.95 0.98 0.99

Overdominant encoding
Predicted mean phenotype



/*Import data*/
FILENAME hybinput '/folders/myfolders/
2015-04-06_sas_hybrids_transformed_all_continuous_pheno.txt';
DATA hybdata;

INFILE hybinput DELIMITER=',' firstobs=2;
INPUT female male genotype ltf dtf rosdiam drymass area21 

perim21 area29 perim29 areagrowth perimgrowth;
RUN;

/*Create Z matrix for random effects in model*/

/*Macro variable "dlset"*/
%LET dlset=hybdata;
%LET tempvar=perimgrowth;  *change here to analyze a different 
phenotype;

/*sort data and create list of parents "plist"*/
PROC SORT DATA=&dlset;

BY female male;

/*Create a list of males and females*/
PROC SUMMARY DATA=&dlset NOPRINT;

CLASS female male;
OUTPUT OUT=plist(where=(_type_=3));

TITLE 'List of females, males, and number of samples per cross';
PROC PRINT DATA=plist noobs;

VAR female male _FREQ_;
RUN;

/*Combine parents into single variable*/
DATA parent;

SET plist(rename=(female=parent))
plist(rename=(male=parent));

PROC SUMMARY DATA=parent(keep=parent);
CLASS parent;
OUTPUT OUT=parent(where=(_type_=1));

DATA parent(drop=_type_ _freq_ pn);
SET parent;
pn+1;
CALL SYMPUT('pn',compress(pn));

TITLE 'List of parents';
PROC PRINT DATA=parent;
RUN;

/*construct dummy variables p1-p31d*/
PROC IML;



USE &dlset;
READ ALL VAR {female male} INTO d;
CLOSE &dlset;
n=NROW(d);

*create matrix (pn x4) with parent, parent code (1-pn);
USE parent;
READ ALL VAR {parent} into p;
CLOSE parent;
p=CHAR(p); *I had to add this line - without it I got an error 

at line 61;
pcode=CHAR(1:NROW(p),5,0)`;

*create pcode corresponding to parent code in dummy;
p=p||pcode;
PRINT n p; *Checks number of observations and number of 

parents;

CREATE pcode FROM pcode [COLNAME={'p'}];
APPEND FROM pcode;
CLOSE pcode;

*create dummy variables;
a=SHAPE(0,n,NROW(p));
DO i=1 to n;

DO k=1 to nrow(p);
IF CHAR(d[i,1])=p[k,1] | CHAR(d[i,2])=p[k,1] 

then a[i,k]=1;
END;

END;
CREATE dummy from a;
APPEND FROM a;
CLOSE dummy;
QUIT;

/*Merge dummy variables with original data*/
DATA &dlset;

MERGE &dlset dummy;
PROC SORT DATA=&dlset;

BY genotype;
RUN;

TITLE 'Data with dummy variables;';
PROC PRINT DATA=&dlset (OBS=10) NOOBS;
VAR female male genotype &tempvar col1-col30;
RUN;

/*Run PROC MIXED on variable of choice*/
PROC MIXED DATA=&dlset COVTEST ASYCOV UPDATE;
CLASS genotype;



MODEL &tempvar= / solution;
RANDOM col1-col&pn/TYPE=TOEP(1) solution; *GCA effects - 

solution keeps track of BLUP;
RANDOM genotype; *SCA effects;

ODS OUTPUT COVPARMS=_varcomp ASYCOV=_cov solutionF=_intercept 
solutionR=_BLUPvar;
RUN;

PROC EXPORT DATA=_intercept OUTFILE="/folders/myfolders/
&tempvar._intercept_SAS.txt"
DBMS=tab replace;
RUN;

PROC EXPORT DATA=_BLUPvar (obs=30) OUTFILE="/folders/myfolders/
&tempvar._BLUP_SAS.txt"
DBMS=tab replace;
RUN;

/*Estimate additive genetic variance by extracting varcomp from the 
initial run*/
PROC IML;
/*Create column vector of variance components*/
USE _varcomp;
READ all var {Estimate} into VC;
CLOSE _varcomp;

/*Create matrix of covariances of variance components*/
USE _cov;
READ all var {CovP1 CovP2 CovP3} into COV;
CLOSE _cov;

/*Create vector of coefficients for the numerator of narrow sense h2*/
AU=SHAPE(0,nrow(VC),1);
AU[1,1]=1*2;

/*Create vector of coefficients for the numerator of broad sense h2*/
AD=SHAPE(0,nrow(VC),1);
AD[1,1]=1*2;
AD[2,1]=1*1;

/*Create vector of coefficients for the denominator of h2*/
AV=SHAPE(1,nrow(VC),1);
AV[1,1]=2;

/*Calculate phenotypic variance*/
Total=VC[+,1]; *Sum of VC column - total observed variance;
Pheno=AV`*VC;  *Phenotypic variance (2*GCA + SCA + resid);



/*Calculate broad and narrow sense h2*/
h2n=AU`*VC/Pheno;  *Additive/Phenotypic;
h2b=AD`*VC/Pheno;  *Additive+dominance/Phenotypic;

/*Calculate the percent of variances by each term*/
VC_pct=VC/Total*100;  *Percentage of variance by term;
Var_VC=VECDIAG(COV);  *Variance of variances;
SE_VC=sqrt(Var_VC);   *Standard errors of variances;

/*Use the delta method to calculate the standard error of each h2*/
var_U=AU`*Cov*AU;  *variance of additive numerator;
var_D=AD`*Cov*AD;  *variance of additive+dominance numerator;
var_V=AV`*Cov*AV;  *variance of denominator;

cov_UV=AU`*Cov*AV;  *covariance between variances;
cov_DV=AD`*Cov*AV;  *covariance between variances;

SEh2n=sqrt((h2n*h2n)*((var_U/(AU`*VC)**2)+(var_V/(AV`*VC)**2)-
(2*cov_UV/(AU`*VC)/(AV`*VC))));
SEh2b=sqrt((h2b*h2b)*((var_D/(AD`*VC)**2)+(var_V/(AV`*VC)**2)-
(2*cov_DV/(AD`*VC)/(AV`*VC))));

/*Create empty table to store results and print out results*/
tempcol = SHAPE(0,7,1);
h2stats = tempcol||tempcol||tempcol;
names = {VC VCper PhenoVar h2n h2b seh2n seh2b};
h2stats[1,1:3]=VC`;
h2stats[2,1:3]=VC_pct`;
h2stats[3,1]=Pheno;
h2stats[4,1]=h2n;
h2stats[5,1]=h2b;
h2stats[6,1]=seh2n;
h2stats[7,1]=seh2b;

CREATE h2out FROM h2stats[ROWNAME=names];
APPEND FROM h2stats[ROWNAME=names];

RUN;

PROC EXPORT DATA=h2out OUTFILE="/folders/myfolders/
&tempvar._h2stats_SAS.txt"
DBMS=tab replace;
PUTNAMES=yes;
RUN;

QUIT;
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6. “Recurrent segregation distortion is uncovered in a 

species-wide screen for biased genetic transmission” 

 

Seymour DK, Chae E, Ariöz B, Koenig D, Weigel D. (In preparation).  

 

Abstract 

The equal probability of inheritance of alleles during sexual reproduction is a 

central tenet of genetics and evolutionary biology. Yet, there are many cases 

where this rule is violated. Such violations limit intraspecific gene flow and can 

facilitate the formation of genetic barriers, a first step in speciation. Biased 

transmission of alleles, or segregation distortion, can result from a number of 

biological processes including epistatic interactions between incompatible loci, 

gametic selection, and meiotic drive. Examples of these phenomena have 

been identified in many species implying that they are universal, but 

comprehensive species-wide studies of segregation distortion have not yet 

been undertaken. We have performed a species-wide screen for distorted 

allele frequencies in over five hundred F2 populations using reduced-

representation high-throughput sequencing. We have found that the biased 

transmission of alleles is prevalent, occurring in 12-24% of surveyed 

populations. Additionally, we find that most populations exhibit distortion at 

only one genomic region and that some regions are repeatedly distorted in 

multiple populations. This data set elucidates the species-level distribution of 

biased transmission of genetic material in A. thaliana, and serves as a 

springboard for studies of the genetic basis of intraspecific genetic barriers. 
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Abstract 16	

The equal probability of inheritance of alleles during sexual reproduction is a central tenet 17	

of genetics and evolutionary biology. Yet, there are many cases where this rule is violated. 18	

Such violations limit intraspecific gene flow and can facilitate the formation of genetic 19	

barriers, a first step in speciation. Biased transmission of alleles, or segregation distortion, 20	

can result from a number of biological processes including epistatic interactions between 21	

incompatible loci, gametic selection, and meiotic drive. Examples of these phenomena 22	

have been identified in many species implying that they are universal, but comprehensive 23	

species-wide studies of segregation distortion are lacking. We have performed a species-24	

wide screen for distorted allele frequencies in over five hundred segregating populations 25	

using reduced-representation high-throughput sequencing. We have found that the 26	

biased transmission of alleles is evident in 12-24% of surveyed populations. Additionally, 27	

we find that most populations exhibit detectable distortion at only one genomic region and 28	

that some regions are repeatedly distorted in multiple populations. This data set 29	

elucidates the species-level distribution of biased transmission of genetic material in A. 30	

thaliana, and serves as a springboard for future studies of the genetic basis of intraspecific 31	

genetic barriers. 32	

 33	

Introduction 34	

At the genetic level, evolution is the change in the frequency of allelic variants over 35	

time. While in many cases, the strength of selection is too low for these changes to be 36	

detected within a few generations, a unique opportunity to directly study such changes is 37	

offered in cases where selection coefficients are high. In such a situation, competition 38	

between alleles can be seen already in the progeny of heterozygous (a/b) plants or 39	

animals. It is manifested as a deviation from the 1:2:1 Mendelian ratio of diploid genotypes 40	

(a/a, a/b, b/b), termed allelic or segregation distortion. Deviation from this ratio has 41	

important implications for population dynamics. Favoring inheritance of an allele from one 42	

grandparent over that from the other grandparent implies that certain genotypic 43	

combinations may be unfit [1-3]. Depending on the underlying mechanism, this 44	

obstruction to the free flow of genetic information is an irreversible step on the path 45	

towards speciation (reviewed in [4]).  46	



 Segregation distortion, which is quite commonly observed in nature, can be the 47	

result of deleterious epistatic interactions between incompatible loci, gametic selection, 48	

or meiotic drive (reviewed in [5]). Perhaps epistatic interactions of the Bateson-49	

Dobzhansky-Muller type are the most well studied examples [6]. Alone, incompatible 50	

mutations are innocuous in their native genetic environment. But, when combined, 51	

reduced fitness or lethality removes incompatible genotypic combinations from the 52	

population. Examples of two-locus incompatibilities have been identified in and between 53	

several eukaryotic species (reviewed in [7, 8]) and causal loci are frequently associated 54	

with fast molecular evolution (reviewed in [8]). Likely, epistatic incompatibilities are a 55	

common topic in the literature not only due to their role in speciation, but also because 56	

they are relatively easy to detect.  57	

 Far fewer examples of meiotic drive and gametic selection have been 58	

characterized. Meiotic drive refers to the preferential inheritance of one chromosome 59	

during meiosis and is most easily discovered during female gametogenesis [9], as only 60	

one of the four meiotic products will become the egg nucleus. This creates the opportunity 61	

for “selfish” loci to position their nucleus favorably so that they their transmission is 62	

favored in the next generation. Some known examples of female drive involve changes 63	

in either centromeric or other heterochromatic regions [1, 10], possibly favoring 64	

transmission of the drive chromosome by increasing its affinity for the meiotic machinery 65	

[1, 9, 11-16]. Many of the drive loci are located on sex chromosomes (esp. in Drosophila) 66	

and are associated with inversions or other cytological changes [1, 11, 16]. Drive loci on 67	

sex chromosomes are more readily identified because they alter the sex ratio, which is 68	

easily detected without molecular genotyping.  69	

Transmission biases arising after formation of the haploid gametes are classified 70	

as instances of gametic selection. Due to the differences of male and female 71	

gametogenesis, gametic selection can be more easily detected in males. Sperm is 72	

produced from all four meiotic products, and each of these haploid sperm cells can 73	

compete for the ability to fertilize the ovule. A classic example of gametic selection 74	

involves growth of the pollen tubes that deliver the male gametes of plants [17]. 75	

Differential pollen tube growth can improve the reproductive success of the genotype that 76	

elongates more quickly. Competition among haploid sperm results in biased transmission 77	



of the more fit allele in the next generation. 78	

 Though a few instances of segregation distortion are relatively well studied, 79	

comprehensive species-wide studies of biased transmission are limited. Despite the 80	

apparent ubiquity of segregation distortion, it is unclear how often epistatic 81	

incompatibilities, gametic selection, or meiotic drive are the cause. In A. thaliana, 82	

segregation distortion has been observed repeatedly in many experimental population 83	

designs [18-20]. To date, the largest study in A. thaliana examined segregation distortion 84	

in 17 F2 populations, over half of which exhibited evidence of distortion [20]. Although A. 85	

thaliana is typically a self-fertilizing species, outcrossing in nature can be quite common, 86	

implying that opportunities for unequal transmission exist [21]. Preference for inbreeding 87	

creates a system sensitized for detection of intraspecific distortion. Cross-fertilization of 88	

accessions removes an allele from its native, homozygous context, thus creating the 89	

opportunity for biased transmission, making A. thaliana an ideal system for the 90	

identification of preferentially inherited loci. 91	

 We surveyed over 500 segregating F2 populations for segregation distortion in 92	

order to characterize the contribution of biased transmission to the generation of 93	

intraspecific genetic barriers. Segregating F2 populations were derived from intercrossing 94	

80 distinct A. thaliana accessions representing the known Eurasian genetic diversity of 95	

the species [22]. For this large survey, populations were genotyped in pools using 96	

reduced-representation high-throughout sequencing to estimate allelic ratios. In addition 97	

to characterizing the prevalence of segregation distortion in A. thaliana, we also sought 98	

to dissect the genetic architecture underlying biased loci. Detailed molecular 99	

characterization is will help to determine the relative contribution of deleterious epistatic 100	

interactions, male gametic selection, or female drive meiotic to biased inheritance. 101	

 102	

Results 103	

Segregation distortion arises frequently in intraspecific A. thaliana F2 populations 104	

The incidence of segregation distortion, a molecular signature of genetic conflict, was 105	

surveyed in 583 F2 populations generated from germplasm that represents the known 106	

genetic diversity in A. thaliana [22]. The studied F2 populations were derived from crosses 107	

between 67 female and 80 male grandparental accessions with sequenced genomes [22]. 108	



The number of crosses performed per accession ranged from 3 to 34, with a median of 109	

14 F2 populations generated from each grandparent.  110	

 Restriction enzyme-mediated reduced-representation sequencing (RAD-Seq) 111	

facilitated the genotyping of a large number of populations. Based on previous reduced-112	

representation approaches [23, 24], a custom protocol was developed to tackle the 113	

specifics of this work. Populations were genotyped in bulks consisting of at least 300 F2 114	

individuals and linkage information was derived from grandparental whole-genome data. 115	

Accurate allele frequency estimate in bulks requires high coverage at each segregating 116	

site. The selected restriction enzyme, KpnI, cuts infrequently in the A. thaliana genome 117	

allowing high coverage to be achieved for a reduced portion of the genome (1%). We 118	

attained an average coverage of 78X per F2 population (Fig 1A) and an average of 2,509 119	

sites were segregating in any given population (Fig 1B) close to what had been predicted 120	

from the whole-genome resequencing data. 121	

 Regions displaying significant segregation distortion were identified by modeling 122	

the allele frequency in 5 Mb sliding windows (0.5 Mb steps). Using the beta-binomial 123	

model estimates of predicted allele frequency together with the confidence intervals of 124	

that estimate, a non-parametric statistical test was performed in each window. In total, 62 125	

populations exhibited regions of significant segregation distortion after false discovery 126	

rate (FDR) correction for the number of tested genomic windows (n = 240, p < 0.05). 127	

When considering only populations passing quality control measures (n = 492), 12.6% of 128	

surveyed populations are significantly distorted (Fig 2). This is a rather conservative 129	

estimate of the frequency of segregation distortion in our data set because the ability to 130	

detect significant distortion is highly dependent on the size of the confidence interval 131	

estimates (i.e. the coverage of each population). To generate a less conservative 132	

estimate of the number of distorted regions we also used a Z-score outlier approach. Any 133	

region with an allele frequency greater than 2.5 standard deviations from the combined 134	

population mean was considered to be distorted. This less conservative approach 135	

identified 122 populations with at least a single distorted region or 24.8% of the 136	

populations surveyed (Fig 3). All regions identified via the FDR method were also 137	

detected using the Z-score outlier approach. An example of a distorted chromosome 138	

identified using both methods is shown in Figure 4. Although we did not screen the 139	



complete diallel of possible F2 combinations, we did survey populations across that 140	

genetic space (Fig 2, Fig 3). That segregation distortion is evident in 12 to 24% of 141	

surveyed F2 populations suggests that intraspecific genetic barriers are much more 142	

common than previously anticipated. 143	

 144	

The dynamics of segregation distortion in A. thaliana 145	

The underlying genetic basis of segregation distortion is dictated by the biological process 146	

driving the observed non-Mendelian inheritance. To understand the relative contribution 147	

of these processes, i.e. genetic incompatibility, meiotic drive, and gametic selection, we 148	

further characterized the dynamics of segregation distortion in our data set. Regardless 149	

of identification method (FDR or outlier), the majority of populations exhibit distortion at 150	

only a single locus (Fig 5A). If classical Bateson-Dobzhansky-Muller genetic 151	

incompatibilities were driving segregation distortion in our populations, we would expect 152	

two distorted regions per population, unless such loci are typically linked. We also found 153	

that distortion occurs on all five chromosomes, although distorted regions are most 154	

frequently located on chromosome 1 (Fig 5B). 155	

 The alleles favored in distorted regions are derived from many grandparental 156	

accessions. Of the 80 accessions, over 50 give rise to F2 populations exhibiting significant 157	

segregation distortion. Some grandparents are especially notable, Star-8 for example. 158	

Star-8 derived alleles are distorted in 60% of F2 populations from this accession (40% for 159	

the FDR threshold) (Fig 6A,B).  160	

 If genetic barriers arise due to genetic drift, as individuals diverge from a common 161	

ancestor we would expect more distantly related accessions to give rise to distortion more 162	

frequently. As the grandparental accessions are representative of Eurasian genetic 163	

diversity, we were able to test if increased genetic diversity between the two F2 164	

grandparents spawned segregation distortion. We found that there was no significant 165	

difference between the grandparental genetic distance of distorted populations versus 166	

that of non-distorted, or normal, populations at a 1% significance threshold (p=0.03 167	

(outlier distortion), p = 0.11 (FDR distortion), Wilcoxon rank-sum test) (Fig 7A,B). That 168	

genetic diversity is not predictive of segregation distortion suggests that non-stochastic 169	

processes give rise to intraspecific genetic barriers in A. thaliana.  170	



 171	

Refining candidate intervals surrounding distorted loci 172	

Finally, we sought to characterize the genetic basis underlying distorted regions. 173	

Genotyping populations bulks enabled screening of a large number of genetically diverse 174	

segregating populations, but without genotype information from individual segregants to 175	

estimate recombination breakpoints, candidate regions span almost entire chromosomes 176	

arms. Since genotyping a large number of individuals from multiple distorted populations 177	

was still cost prohibitive, we designed two strategies to narrow the candidate regions to 178	

facilitate subsequent fine-mapping.  179	

First, we generated whole-genome resequencing data for six populations 180	

displaying severe segregation distortion. For each population, we sequenced pools of 181	

1,500 F2 individuals to approximately 50X coverage in order to further narrow the intervals 182	

surrounding the candidate loci. Although the pool of recombination events increased, the 183	

lower sequencing coverage was accompanied by increased stochasticity in allele 184	

frequency estimates. We took advantage of local linkage disequilibrium to diminish that 185	

noise. Short stretches of unique 21 nucleotide (nt) sequences (known as k-mers or 21-186	

mers) were identified in the raw sequencing reads of each pool. Any 21-mer sequence 187	

shared between grandparents should occur at the average genome-wide coverage. 188	

Sequences present in only one of the two parents should have approximately half as 189	

much coverage. Peaks of 21-mer coverage at ~25X and ~50X are found in all six 190	

populations (Fig 8). To narrow candidate intervals, we used a sliding window approach (1 191	

Mb window, 50 kb step) to calculate the average coverage of 21-mers that occur in only 192	

one of the grandparents. Regions of the genome that are distorted should display a 193	

decrease in coverage near the causal locus. Using this strategy, we were able to narrow 194	

the intervals surrounding four of the six candidate loci from chromosome arms to less 195	

than 5 Mb, and in one cases the region was as small as 1.5 Mb (Table 2, Fig 9). 196	

 Instead of increasing the number of recombination events, the second approach 197	

to refine candidate regions relied on obtaining a precise estimate of allele frequency by 198	

massively increasing the sequencing coverage. As mentioned earlier, some 199	

grandparental accessions contributed alleles that were favored in multiple F2 populations. 200	

Three accessions in particular, Star-8, ICE63, and ICE49, contributed alleles that were 201	



favored in at least 40% of crosses derived from them (based on the outlier method) and, 202	

in each case, the same regions were favored in all distorted populations sharing a 203	

particular grandparent. Using a bulked segregant analysis (BSA) approach [25], we 204	

generated two super pools of reads for each grandparent. One super pool comprised the 205	

sequencing reads from distorted populations and the other contained the combined 206	

sequencing reads from the normal populations. The allele frequency of SNPs was 207	

calculated for sites segregating between the focal grandparent and all other accessions 208	

in either the distorted bulk or the normal bulk. A median coverage of at least 806X was 209	

achieved at each segregating site, vastly improving the accuracy of our estimation. For 210	

one grandparent, Star-8, we were able to narrow the interval to 2.04 Mb (Table 2, Fig 211	

10A). This strategy was less successful for the other two grandparents, likely because of 212	

the decreased strength of distortion in these regions as well as the location of these loci 213	

on the chromosome. The Star-8 locus resides in the middle of the top arm of chromosome 214	

1 (Fig 10A), allowing recombination to occur on either side of it. The other loci were 215	

located where recombination is often reduced, either near a centromere (Fig 10B) or on 216	

a distal chromosome arm. 217	

 218	

Discussion 219	

Despite the ubiquity of non-Mendelian segregation of alleles in natural populations, the 220	

genetic and molecular characterization of the responsible loci has been lagging (reviewed 221	

in [1, 2, 5, 16, 26-28]. Such systems are most easily studied, when distortion is severe 222	

and differences in phenotypically distinct progeny classes are obvious (reviewed in [16]). 223	

Because sexual dimorphism is common, many of the earliest known cases were 224	

discovered because sex-ratio deviated greatly from 1:1 (reviewed in [16]). The effects of 225	

an allele that is preferentially inherited can be neutralized in a population by fixation of the 226	

allele or by the evolution of secondary modifiers. Many cases of segregation distortion 227	

were discovered in interspecific crosses [1, 29-33], not because the phenomenon is more 228	

common in interspecific hybrids, but because the severity of distortion is extreme in the 229	

absence of species-specific modifiers, sometimes reaching fixation in only a generation 230	

or two [1]. The same loci responsible for segregation distortion in interspecific crosses 231	

may also underlie unexpected intraspecific segregation patterns. However, in 232	



intraspecific crosses, allele frequencies are often only perturbed by a few percent [1, 5], 233	

and without molecular genotyping techniques, such subtle allelic distortion will go mostly 234	

undetected.  235	

 Exploiting advances in sequencing and genotyping technology, we have been able 236	

to characterize segregation distortion in hundreds of intraspecific crosses. The 237	

identification of distorted regions greatly depends on sequencing coverage; in our system, 238	

a 10% deviation in absolute allele frequency becomes significant with approximately 100x 239	

sequence coverage, and more subtly distorted regions could be detected with even higher 240	

coverage. Similar pooled genotyping approaches have been used to identify distorted loci 241	

in other systems [34-37], illustrating the general power of this approach.  242	

 Although A. thaliana is self-compatible, outcrossing is reasonably common, and 243	

descendants of recent outcrossing events are easily found in wild stands of this species 244	

[21]. By surveying a broad collection of germplasm for non-Mendelian inheritance, we 245	

could confirm that allelic distortion is a common feature of F2 populations, implying that 246	

allelic distortion has a major impact on shaping local genetic diversity. Not only do 247	

distorted loci segregate in up to a quarter of all F2 populations, but multiple genomic 248	

regions contribute to this phenomenon, with the degree of distortion varying both by 249	

population and by locus. Intraspecific distortion loci that have been identified in other 250	

systems typically occur at low population frequencies [38-44], although there are 251	

exceptions, such as the tightly linked zeel-1 and peel-1 genes in C. elegans [45, 46]. The 252	

low frequency of the causal alleles has been hypothesized to result from antagonistic 253	

modifier loci having evolved in response to the fitness costs that are often linked to 254	

distortion loci (reviewed in [5, 16]). In an interspecific Drosophila cross, the causal locus 255	

itself is responsible for both the distortion phenotype and for reduced gamete success [2]. 256	

We have found multiple cases of genomic regions that are distorted in one or very few 257	

population(s), suggesting that frequency of distortion alleles is often low in A. thaliana as 258	

well. This could be because these alleles are older, giving sufficient time for modifiers to 259	

evolve and rise to high frequency. If these are linked, we would not have detected them 260	

as separate genomic loci, as our mapping resolution was mostly chromosome arm scale. 261	

 Of particular interest are regions that are repeatedly distorted across many 262	

populations at extreme frequencies. For example, the Star-8 region on chromosome 1 is 263	



significantly favored in ~50% of crosses, with this region being inherited by up to 70 or 264	

even 80% of the progeny. This could be an example of a young allele for which 265	

suppressors have not yet evolved, or it could be that the balance between fitness costs 266	

(if any) and the degree of distortion is stable at this frequency. The D locus in Mimulus 267	

guttatus is perhaps the best example of a stable distortion polymorphism, in this case 268	

caused by meiotic drive [1]. The measured degree of distortion at this locus (58:42) is 269	

predicted by the associated decrease in pollen viability [1]. This allele is segregating in 270	

about half of all individuals from a natural population [1]. Other instances of distortion loci 271	

segregating at intermediate frequencies are known, but the evolutionary dynamics of 272	

these cases are not as well characterized (reviewed in [5, 16]) 273	

 A peculiarity of allelic distortion in our panel of A. thaliana crosses is that in most 274	

cases, only a single genomic region is inherited in a non-Mendelian fashion. Classic 275	

meiotic drive systems consist of a distorter locus and a responder locus, with the two 276	

being almost always linked through an inversion or genetic rearrangement that reduces 277	

recombination between them [5, 47-49]. As a result, classic drive loci are inherited as a 278	

single distorted genomic region. Our results are reminiscent of such cases, suggesting 279	

that several such loci are segregating in A. thaliana, although we cannot currently infer 280	

the number of genes in the mapping intervals responsible for segregation distortion.  281	

 Apart from meiotic drive, more conventional two-locus deleterious interactions 282	

conforming to the Bateson-Dobzhansky-Muller model of genetic incompatibilities can also 283	

perturb expected allelic (and genotypic) segregation ratios. A survey in D. melanogaster 284	

showed intraspecific genetic incompatibilities due to epistatic interaction between two 285	

(often unlinked) loci are not uncommon, with natural strains carrying an average of 1.15 286	

incompatible loci [50]. Hybrid incompatibility is a common feature in both plants in 287	

animals, with many known cases of deleterious epistatic interactions between two nuclear 288	

loci segregating in A. thaliana [51-58]. In our set of crosses, simultaneous distortion at 289	

two independent genomic regions was the exception. In our design, incompatible 290	

interactions would only be detectable if the F1 was fertile and dominance relationship 291	

between alleles was such that over 10% of the progeny did not give rise to seedlings. In 292	

other words, if both genes acted completely recessively and the doubly homozygous 293	

progeny failed to grow, they still would not be noticed in our segregation distortion scans. 294	



We note that even in cases where two independent genomic regions are significantly 295	

distorted in a single population, the absence of genotype data for individuals does not 296	

allow us to explicitly examine if these regions genetically interact. Although the nature of 297	

our experimental design has not yet revealed the species-wide architecture of partially or 298	

fully recessive epistatic interactions segregating in A. thaliana, this can be addressed in 299	

future studies by genotyping individuals instead of pools.  300	

 While a handful of classical segregation distortion loci has been molecularly 301	

characterized in detail (reviewed in [5, 16, 26, 27]), the molecular nature of most loci is 302	

still unknown. As a result, there is still much to be learned about the biological processes 303	

and evolutionary forces leading to uneven segregation, including whether such alleles are 304	

more likely to be evolutionarily old or young. For example, numerous cases of hybrid 305	

incompatibilities in A. thaliana are due to interactions between disease resistance genes, 306	

which have very divergent alleles, both because of rapid evolution and long-term 307	

balancing selection [51, 52, 55, 56]. The fast evolution of centromeres and other satellite 308	

sequence repeats, a result of intragenomic conflict, has also been shown to cause or to 309	

be closely linked to allelic distortion [1, 59-61]. In our crosses, distorted regions often 310	

localized near centromeres.  311	

 Whether the conflict arises in interspecific or intraspecific crosses, it appears that 312	

natural selection, not genetic drift, is often responsible for the evolution of non-Mendelian 313	

inheritance. In support of this, we found little correlation between the degree of genetic 314	

differentiation between the grandparental accessions and the probability of observing 315	

allelic distortion in their progeny, in line with what has been seen in a much smaller panel 316	

of F2 populations [20].  317	

 To conclude, by surveying a large number of F2 populations descending from 80 318	

genetically diverse grandparents, we were able to identify numerous genomic regions in 319	

A. thaliana that are not transmitted in a Mendelian fashion. Considering that our statistical 320	

power would not have allowed us to discover complete absence of genotypes resulting 321	

from higher-order epistatic interactions, it is likely that the regions we identified are only 322	

the tip of the iceberg. Notably, the majority of accessions tested contributed such distorted 323	

alleles, emphasizing the ubiquity of alleles that are unevenly transmitted. Together, these 324	



findings confirm the findings from other systems that genetic barriers segregating within 325	

wild species are more common that previously thought [43, 45, 50]. 326	

 327	

Materials and Methods 328	

Germplasm 329	

The F2 germplasm was generated by intercrossing 80 natural Arabidopsis thaliana 330	

accessions for which whole-genome resequencing data had been previously published 331	

[22]. Intercrossing was facilitated by induced male sterility which was achieved by artificial 332	

miRNA (amiR) mediated knock-down of the floral homeotic gene APETELA3 (AP3) [62]. 333	

One half of F1 plants were transgene-free and able to produce self-fertilized F2 progeny, 334	

as each original female grandparent was hemizygous for the amiR transgene. In total, 335	

583 F2 populations were generated using 67 of the 80 natural accessions as the female 336	

grandparent. All 80 accessions were used as the male grandparent and, on average, 337	

each grandparent contributed to 14.725 F2 populations. Germplasm information can be 338	

found in Table 1. 339	

 340	

F2 population growth conditions 341	

At least 300 individuals from each F2 population were sown onto 0.5X MS media (0.7% 342	

agar; pH 5.6). Prior to plating, seeds were gas sterilized for 16 hours using 40 mL of 343	

household bleach (1-4%) and 1.5 mL of concentrated HCl. Seeds were stratified at 4°C 344	

in the dark for 8 days and then plates were subsequently shifted to 23°C long day 345	

conditions (16h light:8h dark) for 5 days. On the fifth day, all seedlings were harvested in 346	

bulk from each population and flash frozen in liquid nitrogen. Plates were visibly inspected 347	

to ensure high germination success (>90%).  348	

 349	

DNA extraction and reduced-representation library preparation 350	

DNA was extracted from each bulk using a standard CTAB preparation (2% CTAB, 1.4 351	

M NaCl, 100 mM Tris (pH 8), 20 mM EDTA (pH 8)). After extraction, DNA integrity was 352	

ensured by gel electrophoresis and DNA quantification was performed using the Qubit 353	

fluorimeter (Qubit BR assay). For library preparation, 300 ng of each sample were diluted 354	

in 27 µl. Restriction enzyme-mediated reduced-representation libraries were generated 355	



using KpnI. KpnI was chosen because it cleaves the A. thaliana genome infrequently, 356	

generating only 8,366 fragments. The library preparation protocol is detailed in [63]. 357	

Briefly, DNA was digested and barcoded adapter sequences with sticky ends 358	

complementary to the KpnI cleavage site were ligated. After ligation, 96 barcoded F2 bulks 359	

were pooled and then sheared using the Covaris S220. Next, end-repair, dA-tailing, a 360	

second universal adapter ligation, and PCR enrichment were performed using the 361	

Illumina compatible NEBNext DNA Library Prep Master Mix Set. Library quality was 362	

determined using the Agilent 2100 Bioanalyzer (DNA 1000 kit) and libraries were 363	

normalized (10nM) based on library quantification (ng/µl) and mean fragment length. 364	

Sequencing was performed on the Illumina HiSeq 2000. Adapter sequences can be found 365	

in [63]. 366	

 367	

SNP identification and allele frequency estimation 368	

The SHORE analysis program (v0.9.0) was used for all described analyses in this section 369	

[64]. Sequencing reads were barcode sorted and quality filtered. During quality filtering 370	

the restriction enzyme overhang was also trimmed using SHORE import. Reads for each 371	

bulked population were then aligned to the TAIR10 reference genome allowing for two 372	

mismatches using SHORE mapflowcell. After alignment SNPs were called with SHORE 373	

qVar using the default parameters. Read counts for both the reference and non-reference 374	

base were extracted for each polymorphic position. SNPs were filtered further using the 375	

grandparental whole-genome information and read counts for the female grandparental 376	

allele were output only for positions expected to be segregating between the two initial 377	

grandparents. Based on the whole-genome sequences, a mean of 2,523 sites were 378	

expected to be segregating in any F2 population and a similar number of segregating sites 379	

were observed in the reduced-representation data (Fig 1B). The allele frequency of the 380	

female grandparental allele was calculated for each polymorphic position as the number 381	

of reads containing the female grandparental allele divided by the total number of reads 382	

covering each position. 383	

 384	

Modeling of allele frequency and significance testing for allelic distortion 385	



High read coverage was sought for each library to enable accurate allele frequency 386	

estimation. Based on in silico digestions, the KpnI reduced-representation protocol was 387	

expected to generate 117X coverage per F2 library bulk. The median coverage of the 388	

population bulks was 78X. The discrepancy between the expected and observed read 389	

coverages was due to an excess of reads derived from the chloroplast together with lower 390	

sequencer throughput. The distribution of read coverage per library is shown in Fig 1A.  391	

 Even with high read coverage, allele frequency estimates were still noisy. To 392	

generate accurate allele frequency estimates, the allele frequency was modeled in 5 Mb 393	

sliding windows (0.5 Mb step). We used a beta-binomial model to account for variation in 394	

the true allele frequency as well as stochastic variation that arises from read sampling. 395	

From the the optimized model we extracted the alpha and beta parameters from each 396	

genomic window. These parameters describe the shape of the probability distribution in 397	

each window and from these parameters the mean allele frequency as well as the 95% 398	

confidence intervals were estimated. Using these estimates, a non-parametric statistical 399	

test was performed to assess whether the allele frequency estimates were significantly 400	

different from 50%, the expected frequency for non-distorted genomic regions. A false 401	

discovery correction (FDR) was performed to account for the number of genomic windows 402	

tested per population (n = 240). After allele frequency estimation, quality control measures 403	

culled low quality bulks. Populations were excluded from subsequent analysis for the 404	

following reasons: 1) having a genome-wide average allele frequency greater than 0.75, 405	

2) exhibiting either confidence intervals (CI) larger than 0.40 or noisy confidence intervals 406	

across the genome (standard deviation of CI width greater than 0.15), or 3) displaying 407	

three or more chromosomes with windows that did not attain model convergence. After 408	

quality control, 492 populations remained for subsequent analyses. 409	

 410	

Identification of distorted regions 411	

Two thresholds were used to identify significantly distorted genomic windows. The first 412	

approach utilized p-value estimates from the non-parametric statistical test performed on 413	

each window. False discovery rate (FDR) corrections were applied to account for the 414	

number of tested genomic windows (n = 240, p < 0.05). Distorted populations were 415	

required to have at least five adjacent genomic windows on the biased chromosome with 416	



significant FDR corrected p-values. Populations with statistically significant segregation 417	

distortion are listed in Table 1. 418	

 The second, less conservative, approach identified outliers by calculating Z-scores 419	

for each genomic window relative to the mean allele frequency of all surveyed F2 420	

populations (0.5029). Genomic windows with allele frequency estimates greater than 2.5 421	

time the population-wide standard deviation (0.0382) were considered to be distorted. A 422	

distorted F2 population was required to contain five genomic windows with significant Z-423	

scores on the chromosomes containing the locus of interest. Distorted populations 424	

identified using extreme Z-scores are listed in Table 1. 425	

 426	

Interval identification using whole-genome resequencing 427	

Six F2 populations were chosen for follow-up whole-genome sequencing. Selected 428	

populations displayed severe distortion at one of six distinct genomic regions (Fig 9). 429	

1,500 individuals were sown from each population onto 0.5X MS media (0.7% agar; pH 430	

5.6) as described for the initial screen. DNA was extracted from each population bulk 431	

using a standard bulk CTAB preparation (2% CTAB, 1.4 M NaCl, 100 mM Tris (pH 8), 20 432	

mM EDTA (pH 8)). Illumina TruSeq libraries were prepared according to the 433	

manufacturer’s guidelines using 1 µg of starting material per population. Libraries were 434	

sequenced on the Illumina HiSeq 3000. K-mers (21 nt) were identified directly from the 435	

short reads using jellyfish (v2.2.3) [65] with the following arguments: -m 21 -s 300M -t 10 436	

-C. Not only does jellyfish identify all unique 21-mers, but it also calculates the occurrence, 437	

or coverage, of each sequence. The distribution of 21-mer coverage is shown in Figure 8 438	

for each population. Their coverage distribution is bimodal. This first peak (~25X) 439	

represents sequences found in only one of the two grandparents’ genomes, while the 440	

second peak represents those sequences found in both grandparental genomes. 21-mers 441	

found in only one of the two grandparental genomes (coverage < 25X) were aligned to 442	

the TAIR10 genome using bwa aln. Only perfect matches were allowed. A 1 Mb sliding 443	

window (50 kb step) was used to plot the 21-mer coverage across the distorted 444	

chromosome in each population. Regions of the genome with reduced coverage of 21-445	

mers are located within the candidate interval (Fig 9). Interval boundaries were delineated 446	

by merging all windows within 1X coverage of the minimal window in the candidate region. 447	



 448	

Interval identification for distortion bulk segregant analysis (BSA) 449	

Bulked segregant analysis [25] was used to narrow the candidate intervals for 3 genomic 450	

regions. Alleles from three grandparental accessions (Star-8, ICE49, ICE63) were 451	

repeatedly favored in over 40% of their respective F2 crosses (based on the Z-score 452	

outlier threshold). Sequencing reads from the original screen were combined for all 453	

distorted populations sharing the grandparent of interest into a distorted bulk. Those that 454	

shared the grandparent, but did not exhibit distortion were combined into a normal bulk. 455	

Positions segregating between the grandparent of interest and all other members of the 456	

bulk were identified. The positions segregating in the distorted bulk are not shared with 457	

those segregating in the normal bulk. By combining reads from multiple populations, a 458	

median of 806 to 1135X coverage was achieved at each segregating position. Candidate 459	

intervals were calculated from the maximally distorted position to any flanking segregating 460	

site that was within 5% of the peak allele frequency (Table 2).   461	
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  628	



Figure legends 629	

Figure 1. Reduced-representation sequencing reliably enriches for 1% of the A. thaliana 630	

genome. A) Distribution of the mean sequencing coverage at sites segregating in each 631	

F2 population. B) Distribution of the number of sites segregating in each F2 population. 632	

The mean observed number of segregating sites (2,500) is comparable to the expected 633	

number of segregating sites derived from previously published resequencing data [22]. 634	

 635	

Figure 2. Statistically significant segregation distortion is evident across a wide range of 636	

germplasm combinations. Genotypic combinations surveyed in this F2 screen are shown 637	

in blue. Combinations not surveyed are indicated in black. Populations exhibiting 638	

significant segregation distortion based on non-parametric statistical tests of beta-639	

binomial modeled allele frequencies are shown in green. Grandparental accessions are 640	

ordered by the geographic location of their collection [22]. Female grandparents are 641	

located on the y-axis and male grandparents on the x-axis. 642	

 643	

Figure 3. Z-score estimated segregation distortion is evident across a wide range of 644	

germplasm combinations. Genotypic combinations surveyed in this F2 screen are shown 645	

in blue. Combinations not surveyed are indicated in black. Populations exhibiting 646	

significant segregation distortion based on Z-score metrics are shown in green. 647	

Grandparental accessions are ordered by the geographic location of their collection [22]. 648	

Female grandparents are located on the y-axis and male grandparents on the x-axis. 649	

 650	

Figure 4. Example of a representative F2 population exhibiting significant segregation 651	

distortion. Distortion in this population was detected by two methods: 1) by significant 652	

statistical tests of deviation of the beta-binomial modeled allele frequencies from the 653	

expected frequency of 0.5 and 2) by significant Z-score deviation (2.5X) from the 654	

population-wide allele frequency mean (0.5029). The beta-binomial modeled allele 655	

frequency (green) across each chromosome is plotted in the upper panel. 95% 656	

confidence intervals are indicated by the shaded grey area and the expected frequency 657	

of 0.5 is marked by the dashed black line. The lower panel plots the –log10 (p-value) 658	



derived from the non-parametric statistical test. The dashed black line in this panel 659	

represents the FDR corrected (n = 240) significance threshold (p < 0.05). 660	

 661	

Figure 5. Genomic properties of distorted loci. A) The fraction of surveyed F2 populations 662	

that exhibit segregation distortion at either one or two genomic loci. B) The number of 663	

populations containing distorted loci that reside on each of the five A. thaliana 664	

chromosomes. 665	

 666	

Figure 6. Many grandparental accessions contribute biased alleles. Each grandparent 667	

contributes its genetic material to a median of 14 distinct F2 populations. Plotted are the 668	

percent of F2 populations sharing a grandparent that are significantly distorted as 669	

measured either by A) Z-score metrics, or B) FDR corrected statistical tests based on 670	

beta-binomial modeled allele frequencies. Whether the grandparent was used as the 671	

male (light color) or female (dark color) is also indicated. 672	

 673	

Figure 7. Genetic distance between grandparental accessions is not predictive of biased 674	

allelic transmission. A box plot of the genetic distance between the grandparental 675	

accessions of normal (grey) and distorted (colored) F2 populations. At a significance 676	

threshold of p < 0.01, the genetic distance between grandparents of distorted populations 677	

determined from outlier (purple) or FDR (green) approaches is not significantly different 678	

from that of normal populations (Wilcoxon rank sum test). Genetic distance was 679	

calculated as the number of segregating sites over the number of interrogated sites. All 680	

positions were required to have complete coverage across all 80 grandparental 681	

accessions.   682	

 683	

Figure 8. Distribution of whole-genome resequencing coverage of unique 21-mers. The 684	

coverage of unique 21 nt k-mers is plotted for each of the six populations that underwent 685	

whole-genome resequencing. The first peak in coverage represents 21-mers found in 686	

only one of the two grandparents, while the second, larger peak represents those 687	

sequences found in both. 688	

 689	



Figure 9. Candidate intervals refined using 21-mer coverage. For each population, the 690	

upper panel displays the beta-binomial modeled allele frequency estimates (green) and 691	

their 95% confidence intervals (grey) as described in Figure 4. In the lower panel, the 692	

coverage of 21-mers unique to only one of the two grandparents (coverage < 25X) is 693	

plotted in 1 Mb sliding windows (50 kb step). Coverage decreases in the candidate 694	

regions. Intervals (grey box) are defined by merging windows within 1X coverage of the 695	

minimal window in each population. No candidate region was defined for POP064 as the 696	

coverage decrease coincides with the centromere, not the distorted region. 697	

 698	

Figure 10. Increasing segregants narrows candidate intervals. Bulked segregant analysis 699	

was performed for grandparental accessions that repeatedly contributed distorted loci 700	

(Star-8 (A), ICE63 (B), and ICE49). Sequencing reads were combined for populations 701	

exhibiting distortion or not when crossed to the focal grandparent. An average of over 702	

800X coverage was achieved at sites segregating between the focal accessions and all 703	

other members in the bulk. Candidate intervals (grey box) merged all segregating 704	

positions within 5% of the maximal marker’s allele frequency. Data for ICE49 are not 705	

shown as there were too few segregating sites. 706	

 707	

Table legends 708	

Table 1. Germplasm information for surveyed F2 populations. The grandparents of each 709	

F2 population are listed as well as whether the population had sufficient data quality for 710	

subsequent analysis. Populations with significant distortion are indicated for both 711	

thresholds (FDR and outlier). 712	

 713	

Table 2. Candidate intervals for distorted loci. Candidate intervals identified through both 714	

k-mer and bulk segregant analysis are listed. 715	
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Table&1.&Germplam&information&for&surveyed&F2&populations.

Population*ID Female*
grandparent

Male*
grandparent

Passed*QC*
(1=yes,*0=no)

Distorted*(P>value)*
(1=yes,*0=no)

Distorted*(Z>score)*
(1=yes,*0=no)

Follow>up*sequencing*
(1=yes,*0=no)

POP001 ICE49 ICE21 1 0 0 0

POP002 ICE49 ICE61 1 0 0 0

POP003 ICE49 ICE71 1 0 0 0

POP004 ICE49 ICE91 1 1 1 0

POP005 ICE49 ICE107 1 1 1 0

POP006 ICE49 ICE150 1 1 1 0

POP007 ICE49 ICE153 1 1 1 1

POP008 ICE49 ICE169 1 1 1 0

POP009 ICE49 ICE226 1 0 0 0

POP010 ICE49 Cdm20 1 1 1 0

POP011 ICE49 Koch21 1 1 1 0

POP012 ICE49 Mer26 1 0 1 0

POP013 ICE49 Qui20 1 0 0 0

POP014 ICE49 Star28 1 0 0 0

POP015 ICE49 Tuescha9 1 0 0 0

POP016 ICE49 WalhaesB4 1 0 0 0

POP017 ICE49 Yeg21 1 0 0 0

POP018 ICE63 ICE29 1 0 0 0

POP019 ICE63 ICE60 1 0 0 0

POP020 ICE63 ICE75 1 0 0 0

POP021 ICE63 ICE79 1 1 1 0

POP022 ICE63 ICE104 1 1 1 0

POP023 ICE63 ICE111 1 0 1 0

POP024 ICE63 ICE138 1 1 1 0

POP025 ICE63 ICE152 1 0 0 0

POP026 ICE63 ICE216 1 1 1 1

POP027 ICE63 ICE226 1 0 1 0

POP028 ICE63 Cdm20 1 1 1 0

POP029 ICE63 Don20 0 0 0 0

POP030 ICE63 Lag2.2 1 0 1 0

POP031 ICE63 Pra26 0 0 0 0

POP032 ICE63 Star28 1 1 1 0

POP033 ICE63 TueSB3023 1 0 0 0

POP034 ICE63 TueWa122 1 1 1 0

POP035 ICE63 Vash21 1 1 1 1

POP036 ICE112 ICE1 1 0 0 0

POP037 ICE112 ICE29 1 0 0 0

POP038 ICE112 ICE73 1 0 0 0

POP039 ICE112 ICE75 1 0 1 0

POP040 ICE112 ICE107 1 0 0 0

POP041 ICE112 ICE120 1 0 0 0

POP042 ICE112 ICE150 1 0 0 0

POP043 ICE112 ICE153 1 1 1 0

POP044 ICE112 ICE163 1 0 0 0

POP045 ICE112 ICE173 1 0 0 0

POP046 ICE112 ICE226 1 1 1 0

POP047 ICE112 Don20 0 0 0 0

POP048 ICE112 Ey1522 1 0 0 0

POP049 ICE112 Mer26 1 0 0 0

POP050 ICE112 Rue321231 1 1 1 0

POP051 ICE112 Star28 1 0 0 0

POP052 ICE112 Tuescha9 0 0 0 0

POP053 ICE112 Yeg21 1 0 0 0

POP054 ICE169 ICE21 1 0 0 0

POP055 ICE169 ICE60 1 0 0 0

POP056 ICE169 ICE61 0 0 0 0

POP057 ICE169 ICE79 1 0 0 0

POP058 ICE169 ICE97 1 1 1 0

POP059 ICE169 ICE98 1 1 1 0

POP060 ICE169 ICE112 1 0 0 0

POP061 ICE169 ICE150 1 0 0 0

POP062 ICE169 ICE173 0 0 0 0

POP063 ICE169 Bak27 1 1 1 1

POP064 ICE169 Cdm20 1 1 1 1

POP065 ICE169 Lag2.2 1 0 0 0

POP066 ICE169 Nie122 1 1 1 0

POP067 ICE169 Ped20 1 1 1 0

POP068 ICE169 Sha 1 0 0 0

POP069 ICE169 Vie20 1 0 1 0

POP070 ICE169 WalhaesB4 1 0 0 0

POP071 Bak22 ICE1 1 0 1 0

POP072 Bak22 ICE7 1 0 0 0

POP073 Bak22 ICE36 1 0 0 0

POP074 Bak22 ICE50 1 0 0 0

POP075 Bak22 ICE71 1 0 0 0

POP076 Bak22 ICE79 1 1 1 0

POP077 Bak22 ICE93 1 1 1 0

POP078 Bak22 ICE120 1 1 1 0

POP079 Bak22 ICE138 1 0 0 0

POP080 Bak22 ICE152 1 0 0 0

POP081 Bak22 ICE169 1 0 0 0

POP082 Bak22 Ey1522 1 0 1 0

POP083 Bak22 Istisu21 1 0 0 0

POP084 Bak22 Koch21 1 1 1 0

POP085 Bak22 Leo21 1 1 1 0

POP086 Bak22 Mer26 1 0 0 0

POP087 Bak22 TueV13 1 0 0 0

POP088 Bak22 Vash21 1 1 1 0

POP089 Ey1522 ICE60 1 0 0 0

POP090 Ey1522 ICE61 0 0 0 0

POP091 Ey1522 ICE63 1 0 0 0

POP092 Ey1522 ICE104 1 0 0 0

POP093 Ey1522 ICE106 1 0 0 0

POP094 Ey1522 ICE111 1 0 0 0

POP095 Ey1522 ICE127 0 0 0 0

POP096 Ey1522 ICE181 0 0 0 0

POP097 Ey1522 ICE216 1 0 0 0

POP098 Ey1522 Fei20 1 0 0 0

POP099 Ey1522 Kastel21 1 0 0 0

POP100 Ey1522 Leo21 1 1 1 1

POP101 Ey1522 Lerik123 1 0 0 0

POP102 Ey1522 Nemrut21 1 1 1 0

POP103 Ey1522 Nie122 1 0 0 0

POP104 Ey1522 Qui20 1 0 0 0

POP105 Ey1522 Rue321231 1 0 0 0

POP106 Ey1522 Sha 1 0 1 0

POP107 Ey1522 WalhaesB4 1 0 0 0

POP108 Nie122 ICE49 1 0 0 0

POP109 Nie122 ICE63 1 0 0 0

POP110 Nie122 ICE72 1 0 0 0

POP111 Nie122 ICE98 1 0 0 0

POP112 Nie122 ICE102 1 0 0 0

POP113 Nie122 ICE112 1 0 0 0

POP114 Nie122 ICE127 1 0 0 0

POP115 Nie122 ICE134 1 0 0 0

POP116 Nie122 ICE173 1 0 0 0

POP117 Nie122 ICE216 1 0 0 0

POP118 Nie122 Fei20 1 0 0 0

POP119 Nie122 Kastel21 1 0 0 0

POP120 Nie122 Leo21 1 0 0 0

POP121 Nie122 Lerik123 1 0 0 0

POP122 Nie122 Rue321231 1 0 0 0

POP123 Nie122 TueSB3023 1 0 0 0

POP124 Nie122 TueWa122 1 0 0 0

POP125 Nie122 Xan21 1 0 0 0

POP128 ICE1 ICE60 1 0 1 0

POP129 ICE1 ICE138 1 1 1 0

POP130 ICE1 ICE152 1 0 1 0

POP131 ICE1 ICE163 1 0 1 0

POP132 ICE1 Nie122 0 0 0 0

POP133 ICE1 Yeg21 1 0 0 0

POP134 ICE7 ICE102 1 0 0 0

POP135 ICE7 ICE106 1 0 1 0

POP136 ICE7 Don20 1 0 1 0

POP137 ICE7 Fei20 0 0 0 0

POP138 ICE7 TueWa122 1 0 1 0

POP139 ICE21 ICE213 1 0 0 0

POP140 ICE21 ICE216 1 0 0 0

POP141 ICE21 Ey1522 1 0 0 0

POP142 ICE21 Koch21 1 0 0 0

POP143 ICE21 Star28 1 0 0 0

POP144 ICE21 WalhaesB4 1 0 0 0

POP145 ICE21 Yeg21 1 0 0 0

POP146 ICE29 ICE63 1 0 1 0

POP147 ICE29 ICE92 1 0 0 0

POP148 ICE29 ICE150 0 0 0 0

POP149 ICE29 Del210 1 0 0 0

POP150 ICE29 Qui20 1 0 0 0

POP151 ICE29 Star28 1 1 1 0

POP152 ICE29 WalhaesB4 0 0 0 0

POP153 ICE50 ICE1 1 0 0 0

POP154 ICE50 ICE79 0 0 0 0

POP155 ICE50 ICE153 0 0 0 0

POP155.2 ICE50 ICE153 1 0 1 0

POP156 ICE50 ICE163 1 0 0 0

POP157 ICE50 Bak22 0 0 0 0

POP158 ICE50 Dog24 0 0 0 0

POP159 ICE50 Ey1522 1 0 0 0

POP160 ICE50 Mer26 1 0 1 0

POP161 ICE60 ICE1 1 1 1 0

POP162 ICE60 ICE49 0 0 0 0

POP163 ICE60 ICE98 0 0 0 0

POP164 ICE60 ICE104 1 0 0 0

POP165 ICE60 ICE138 0 0 0 0

POP166 ICE60 Agu21 0 0 0 0

POP167 ICE60 Lerik123 0 0 0 0



POP168 ICE60 Yeg21 1 0 0 0

POP169 ICE61 ICE106 1 0 0 0

POP170 ICE61 ICE127 1 0 0 0

POP171 ICE61 ICE150 1 0 0 0

POP172 ICE61 Fei20 1 0 0 0

POP173 ICE61 Lerik123 1 0 0 0

POP174 ICE61 Pra26 0 0 0 0

POP175 ICE61 Qui20 1 1 1 0

POP176 ICE70 ICE49 1 0 0 0

POP177 ICE70 ICE50 1 0 0 0

POP178 ICE70 ICE98 1 0 1 0

POP179 ICE70 Cdm20 1 0 1 0

POP180 ICE70 TueSB3023 1 0 0 0

POP181 ICE72 ICE71 0 0 0 0

POP182 ICE72 ICE75 0 0 0 0

POP183 ICE72 ICE111 1 0 1 0

POP184 ICE72 ICE228 0 0 0 0

POP185 ICE72 Agu21 1 0 0 0

POP186 ICE72 Leo21 1 0 0 0

POP187 ICE72 WalhaesB4 1 0 0 0

POP188 ICE72 Xan21 0 0 0 0

POP189 ICE73 ICE49 1 0 0 0

POP190 ICE73 ICE97 0 0 0 0

POP191 ICE73 ICE106 1 0 0 0

POP192 ICE73 ICE212 0 0 0 0

POP193 ICE73 Bak22 0 0 0 0

POP194 ICE73 Fei20 1 0 0 0

POP195 ICE73 Nie122 1 0 0 0

POP196 ICE73 Ped20 0 0 0 0

POP197 ICE75 ICE60 0 0 0 0

POP198 ICE75 ICE91 1 1 1 0

POP199 ICE75 ICE119 1 0 0 0

POP200 ICE75 ICE150 0 0 0 0

POP201 ICE75 Bak27 1 1 1 0

POP202 ICE75 Cdm20 1 0 0 0

POP203 ICE79 ICE93 1 0 0 0

POP204 ICE79 ICE98 1 1 1 0

POP205 ICE79 ICE104 0 0 0 0

POP206 ICE79 ICE153 1 1 1 0

POP207 ICE79 Ey1522 1 0 0 0

POP208 ICE79 Koch21 1 0 0 0

POP209 ICE79 Nie122 1 0 0 0

POP210 ICE79 TueV13 0 0 0 0

POP211 ICE79 WalhaesB4 1 0 0 0

POP212 ICE91 ICE7 1 1 1 0

POP213 ICE91 ICE33 0 0 0 0

POP214 ICE91 Ey1522 1 0 0 0

POP215 ICE91 Fei20 1 0 0 0

POP216 ICE91 HKT2.4 1 0 0 0

POP217 ICE91 Nie122 0 0 0 0

POP218 ICE91 TueSB3023 1 0 1 0

POP219 ICE91 TueV13 0 0 0 0

POP220 ICE92 ICE49 1 0 0 0

POP221 ICE92 ICE60 1 0 0 0

POP222 ICE92 ICE75 1 0 0 0

POP223 ICE92 ICE130 1 0 0 0

POP224 ICE92 ICE134 1 0 0 0

POP225 ICE92 Ey1522 1 0 0 0

POP226 ICE93 ICE7 1 0 0 0

POP227 ICE93 ICE102 1 0 0 0

POP228 ICE93 ICE106 1 0 0 0

POP229 ICE93 ICE112 1 0 0 0

POP230 ICE93 ICE127 1 0 0 0

POP231 ICE93 ICE173 1 0 0 0

POP232 ICE93 ICE216 0 0 0 0

POP233 ICE93 Star28 1 0 0 0

POP234 ICE97 ICE29 1 0 0 0

POP235 ICE97 ICE36 1 0 1 0

POP236 ICE97 ICE130 1 0 0 0

POP237 ICE97 ICE181 1 0 1 0

POP238 ICE97 ICE216 1 0 0 0

POP239 ICE97 Nemrut21 1 0 0 0

POP240 ICE97 Qui20 1 0 0 0

POP241 ICE97 Sha 1 0 0 0

POP242 ICE98 ICE29 1 0 0 0

POP243 ICE98 ICE104 1 0 0 0

POP244 ICE98 ICE107 1 0 0 0

POP245 ICE98 ICE228 1 0 0 0

POP246 ICE98 Bak27 1 0 0 0

POP247 ICE98 Mer26 1 0 0 0

POP248 ICE98 Vash21 1 0 0 0

POP249 ICE98 Yeg21 1 0 0 0

POP250 ICE102 ICE21 1 0 0 0

POP251 ICE102 ICE29 1 0 0 0

POP252 ICE102 ICE98 1 0 0 0

POP253 ICE102 ICE111 1 0 0 0

POP254 ICE102 ICE138 0 0 0 0

POP255 ICE102 ICE212 1 0 0 0

POP256 ICE102 Nie122 1 0 1 0

POP257 ICE104 ICE21 1 0 0 0

POP258 ICE104 ICE70 1 0 0 0

POP259 ICE104 ICE71 0 0 0 0

POP260 ICE104 ICE153 0 0 0 0

POP261 ICE104 ICE226 1 0 0 0

POP262 ICE104 Sha 1 0 0 0

POP263 ICE104 Star28 0 0 0 0

POP264 ICE104 TueWa122 1 0 0 0

POP265 ICE106 ICE36 0 0 0 0

POP266 ICE106 ICE50 0 0 0 0

POP267 ICE106 ICE61 0 0 0 0

POP268 ICE106 ICE93 0 0 0 0

POP269 ICE106 ICE130 0 0 0 0

POP270 ICE106 ICE138 0 0 0 0

POP271 ICE106 ICE153 1 0 0 0

POP272 ICE106 ICE226 1 0 0 0

POP273 ICE107 ICE130 1 0 0 0

POP274 ICE107 ICE173 1 0 0 0

POP275 ICE107 ICE216 0 0 0 0

POP276 ICE107 Bak27 1 0 1 0

POP277 ICE107 Lag2.2 0 0 0 0

POP278 ICE107 Leo21 1 0 0 0

POP279 ICE107 Nemrut21 1 0 0 0

POP280 ICE107 TueV13 0 0 0 0

POP281 ICE111 ICE7 0 0 0 0

POP282 ICE111 ICE21 1 0 0 0

POP283 ICE111 ICE63 1 0 0 0

POP284 ICE111 ICE104 0 0 0 0

POP285 ICE111 ICE112 0 0 0 0

POP286 ICE111 ICE134 0 0 0 0

POP287 ICE111 WalhaesB4 1 0 0 0

POP287.2 ICE111 WalhaesB4 0 0 0 0

POP288 ICE119 ICE21 1 0 0 0

POP289 ICE119 ICE50 1 0 0 0

POP290 ICE119 ICE60 1 0 0 0

POP291 ICE119 ICE134 1 0 1 0

POP292 ICE119 Bak27 1 0 0 0

POP293 ICE119 Cdm20 0 0 0 0

POP294 ICE119 Del210 1 0 0 0

POP295 ICE119 Ey1522 1 0 0 0

POP296 ICE119 HKT2.4 0 0 0 0

POP297 ICE120 ICE60 0 0 0 0

POP298 ICE120 ICE70 0 0 0 0

POP299 ICE120 ICE71 0 0 0 0

POP300 ICE120 ICE73 0 0 0 0

POP301 ICE120 ICE106 0 0 0 0

POP302 ICE120 ICE112 1 0 1 0

POP303 ICE120 Istisu21 0 0 0 0

POP304 ICE120 Lag2.2 1 0 0 0

POP305 ICE130 ICE102 0 0 0 0

POP306 ICE130 ICE119 1 0 0 0

POP307 ICE130 Lag2.2 1 0 1 0

POP308 ICE130 Leo21 1 0 0 0

POP309 ICE130 Ped20 0 0 0 0

POP310 ICE130 Qui20 1 0 0 0

POP311 ICE130 Vash21 1 0 0 0

POP312 ICE130 WalhaesB4 1 0 1 0

POP313 ICE134 ICE21 1 0 1 0

POP314 ICE134 ICE71 1 0 1 0

POP315 ICE134 ICE73 1 0 0 0

POP316 ICE134 ICE152 1 0 1 0

POP317 ICE134 HKT2.4 1 0 0 0

POP318 ICE134 Mer26 0 0 0 0

POP319 ICE134 Xan21 1 0 0 0

POP320 ICE134 Yeg21 1 0 0 0

POP321 ICE138 ICE36 1 0 1 0

POP322 ICE138 ICE71 1 0 0 0

POP323 ICE138 ICE93 1 0 0 0

POP324 ICE138 ICE104 1 0 0 0

POP325 ICE138 ICE226 1 0 0 0

POP326 ICE138 Nemrut21 1 0 0 0

POP327 ICE138 Ped20 1 0 0 0

POP328 ICE138 Star28 1 0 1 0

POP329 ICE150 ICE91 1 0 0 0

POP330 ICE150 ICE97 1 0 0 0

POP331 ICE150 Agu21 1 0 1 0

POP332 ICE150 HKT2.4 1 0 0 0

POP333 ICE150 Lag2.2 1 0 0 0

POP334 ICE150 Leo21 1 0 0 0



POP335 ICE150 Vash21 1 0 0 0

POP336 ICE150 Xan21 1 0 0 0

POP337 ICE152 ICE97 1 0 0 0

POP338 ICE152 ICE163 1 0 0 0

POP339 ICE152 ICE173 1 0 0 0

POP340 ICE152 ICE228 1 0 0 0

POP341 ICE152 Rue321231 1 0 0 0

POP342 ICE152 Star28 1 1 1 0

POP343 ICE152 TueWa122 1 0 0 0

POP344 ICE152 Yeg21 1 0 0 0

POP345 ICE153 ICE1 1 1 1 0

POP346 ICE153 ICE73 1 0 1 0

POP347 ICE153 ICE79 1 0 0 0

POP348 ICE153 ICE111 1 0 0 0

POP349 ICE153 ICE127 1 0 0 0

POP350 ICE153 Mer26 0 0 0 0

POP351 ICE153 TueV13 1 1 1 0

POP352 ICE153 Vash21 1 0 1 0

POP353 ICE173 ICE7 1 0 0 0

POP354 ICE173 ICE50 1 0 1 0

POP355 ICE173 ICE70 1 0 0 0

POP356 ICE173 ICE104 1 0 0 0

POP357 ICE173 ICE111 1 0 0 0

POP358 ICE173 ICE150 1 0 0 0

POP359 ICE173 Lag2.2 1 0 0 0

POP360 ICE173 Star28 1 0 1 0

POP361 ICE181 ICE60 1 0 1 0

POP362 ICE181 ICE61 1 0 0 0

POP363 ICE181 ICE71 1 0 1 0

POP364 ICE181 ICE120 1 0 0 0

POP365 ICE181 ICE152 1 1 1 0

POP366 ICE181 ICE153 1 1 1 0

POP367 ICE181 ICE212 1 0 1 0

POP368 ICE181 Nie122 1 0 0 0

POP369 ICE212 ICE104 0 0 0 0

POP370 ICE212 ICE106 1 0 0 0

POP371 ICE212 ICE119 1 0 0 0

POP372 ICE212 ICE127 1 0 0 0

POP373 ICE212 ICE150 1 0 0 0

POP374 ICE212 Ey1522 1 0 0 0

POP375 ICE212 HKT2.4 1 0 1 0

POP376 ICE212 Lerik123 1 0 0 0

POP377 ICE213 ICE21 1 0 0 0

POP378 ICE213 ICE29 1 0 0 0

POP379 ICE213 ICE79 1 0 0 0

POP380 ICE213 ICE106 1 0 0 0

POP381 ICE213 ICE111 1 0 0 0

POP382 ICE213 ICE130 0 0 0 0

POP383 ICE213 Ey1522 1 0 0 0

POP384 ICE216 ICE36 1 0 0 0

POP385 ICE216 ICE79 1 0 0 0

POP386 ICE216 ICE102 1 0 0 0

POP387 ICE216 ICE104 1 0 0 0

POP388 ICE216 ICE107 1 0 0 0

POP389 ICE216 ICE153 1 0 0 0

POP390 ICE216 Kastel21 1 0 0 0

POP391 ICE216 Ped20 1 0 0 0

POP392 ICE228 ICE73 0 0 0 0

POP393 ICE228 ICE152 1 0 0 0

POP394 ICE228 ICE163 1 1 1 0

POP395 ICE228 Bak22 1 0 0 0

POP396 ICE228 HKT2.4 1 0 0 0

POP397 ICE228 Lag2.2 1 1 1 0

POP398 ICE228 Nie122 1 0 0 0

POP399 Agu21 ICE29 1 0 0 0

POP400 Agu21 ICE150 1 0 1 0

POP401 Agu21 ICE153 1 0 1 0

POP402 Agu21 ICE163 1 0 0 0

POP403 Agu21 Bak22 1 0 0 0

POP404 Agu21 Ey1522 1 0 0 0

POP405 Agu21 Yeg21 0 0 0 0

POP406 Bak27 ICE71 0 0 0 0

POP407 Bak27 ICE152 1 0 0 0

POP408 Bak27 ICE163 0 0 0 0

POP409 Bak27 Bak22 0 0 0 0

POP410 Bak27 Kastel21 1 0 0 0

POP411 Bak27 Leo21 1 0 0 0

POP412 Bak27 Ped20 0 0 0 0

POP413 Bak27 Vash21 1 0 0 0

POP414 Cdm20 ICE93 1 0 0 0

POP415 Cdm20 ICE104 1 0 0 0

POP416 Cdm20 ICE120 1 0 0 0

POP417 Cdm20 ICE163 1 0 0 0

POP418 Cdm20 ICE169 1 0 0 0

POP419 Cdm20 Mer26 1 0 0 0

POP420 Cdm20 Nie122 1 0 0 0

POP421 Cdm20 TueWa122 1 0 0 0

POP422 Del210 ICE36 0 0 0 0

POP423 Del210 ICE75 1 0 0 0

POP424 Del210 ICE79 1 0 0 0

POP425 Del210 ICE97 1 0 0 0

POP426 Del210 Don20 1 0 0 0

POP427 Del210 Fei20 1 0 0 0

POP428 Del210 Ped20 1 0 0 0

POP429 Del210 Yeg21 1 0 1 0

POP430 Dog24 ICE29 1 0 0 0

POP431 Dog24 ICE33 1 0 0 0

POP432 Dog24 ICE97 1 0 0 0

POP433 Dog24 ICE119 1 0 0 0

POP434 Dog24 ICE138 1 0 0 0

POP435 Dog24 Agu21 1 0 0 0

POP436 Dog24 Ey1522 1 0 0 0

POP437 Dog24 Sha 1 0 0 0

POP438 Don20 ICE70 1 0 0 0

POP439 Don20 ICE71 1 0 0 0

POP440 Don20 ICE75 1 0 1 0

POP441 Don20 ICE79 1 0 0 0

POP442 Don20 ICE102 1 1 1 0

POP443 Don20 ICE107 1 0 1 0

POP444 Don20 ICE138 1 0 0 0

POP445 Don20 ICE163 1 0 0 0

POP446 Fei20 ICE21 0 0 0 0

POP447 Fei20 ICE49 1 0 0 0

POP448 Fei20 ICE50 1 0 0 0

POP449 Fei20 ICE169 1 0 0 0

POP450 Fei20 ICE228 1 0 0 0

POP451 Fei20 Bak27 0 0 0 0

POP452 Fei20 Cdm20 1 0 0 0

POP453 Fei20 Ey1522 1 0 0 0

POP454 HKT2.4 ICE49 1 0 1 0

POP455 HKT2.4 ICE60 1 0 0 0

POP456 HKT2.4 ICE63 1 0 0 0

POP457 HKT2.4 Cdm20 1 0 0 0

POP458 HKT2.4 Del210 1 0 0 0

POP459 HKT2.4 Istisu21 1 0 0 0

POP460 HKT2.4 Rue321231 1 0 0 0

POP461 HKT2.4 Vie20 1 0 0 0

POP462 Istisu21 ICE29 1 1 1 0

POP463 Istisu21 ICE92 1 0 0 0

POP464 Istisu21 ICE169 1 0 0 0

POP465 Istisu21 ICE212 1 1 1 0

POP466 Istisu21 ICE213 1 0 0 0

POP467 Istisu21 Lag2.2 1 0 0 0

POP468 Istisu21 Nie122 0 0 0 0

POP469 Koch21 ICE7 1 0 0 0

POP470 Koch21 ICE33 1 0 0 0

POP471 Koch21 ICE98 1 0 0 0

POP472 Koch21 ICE119 1 0 0 0

POP473 Koch21 ICE134 1 0 0 0

POP474 Koch21 ICE213 1 0 0 0

POP475 Koch21 Koch21 0 0 0 0

POP476 Koch21 WalhaesB4 1 0 0 0

POP476.2 Koch21 WalhaesB4 0 0 0 0

POP477 Mer26 ICE49 1 0 0 0

POP478 Mer26 ICE60 0 0 0 0

POP479 Mer26 ICE91 1 0 0 0

POP480 Mer26 ICE98 1 0 0 0

POP480.2 Mer26 ICE98 0 0 0 0

POP481 Mer26 Cdm20 1 0 0 0

POP482 Mer26 Fei20 1 0 0 0

POP483 Mer26 TueWa122 1 1 1 0

POP484 Mer26 WalhaesB4 1 0 0 0

POP485 Nemrut21 ICE21 1 0 0 0

POP486 Nemrut21 ICE79 1 1 1 0

POP487 Nemrut21 ICE92 1 0 0 0

POP488 Nemrut21 ICE212 0 0 0 0

POP488.2 Nemrut21 ICE212 1 0 1 0

POP489 Nemrut21 Leo21 1 0 0 0

POP490 Nemrut21 Nemrut21 0 0 0 0

POP491 Nemrut21 Nie122 1 0 0 0

POP492 Pra26 ICE79 1 0 1 0

POP493 Pra26 Agu21 1 1 1 0

POP494 Pra26 Fei20 1 0 0 0

POP495 Pra26 Kastel21 1 0 0 0

POP496 Pra26 Tuescha9 1 0 0 0

POP497 Pra26 Vie20 0 0 0 0

POP498 Pra26 Xan21 1 0 1 0

POP499 Pra26 Yeg21 1 0 0 0



POP500 Qui20 ICE106 0 0 0 0

POP501 Qui20 ICE181 0 0 0 0

POP502 Qui20 Don20 1 0 1 0

POP503 Qui20 Rue321231 1 0 0 0

POP504 Qui20 Star28 1 0 0 0

POP505 Qui20 Tuescha9 1 0 1 0

POP506 Qui20 TueWa122 1 0 0 0

POP507 Rue321231 ICE29 1 0 0 0

POP508 Rue321231 ICE60 0 0 0 0

POP509 Rue321231 ICE97 1 0 0 0

POP510 Rue321231 ICE153 1 0 0 0

POP511 Rue321231 ICE163 1 0 0 0

POP512 Rue321231 Dog24 1 0 0 0

POP513 Rue321231 Lag2.2 1 0 0 0

POP514 Rue321231 Lerik123 1 0 0 0

POP515 Sha ICE49 1 1 1 0

POP516 Sha ICE106 1 0 0 0

POP517 Sha Ey1522 1 1 1 0

POP518 Sha Lerik123 1 0 0 0

POP519 Sha Nie122 1 0 0 0

POP520 Sha Rue321231 1 0 0 0

POP521 Sha Star28 1 1 1 0

POP522 Sha TueWa122 1 0 0 0

POP523 Star28 ICE49 1 0 0 0

POP524 Star28 ICE104 1 1 1 0

POP525 Star28 ICE106 1 1 1 0

POP526 Star28 ICE130 1 1 1 0

POP527 Star28 ICE228 1 0 1 0

POP528 Star28 Cdm20 1 0 0 0

POP529 Star28 Fei20 1 0 1 0

POP530 Star28 Vie20 1 1 1 0

POP531 TueSB3023 ICE49 1 0 1 0

POP532 TueSB3023 ICE61 1 0 0 0

POP533 TueSB3023 ICE138 1 0 0 0

POP534 TueSB3023 ICE152 1 0 0 0

POP535 TueSB3023 Istisu21 1 0 0 0

POP536 TueSB3023 Nemrut21 1 0 0 0

POP537 TueSB3023 Pra26 0 0 0 0

POP538 TueSB3023 Qui20 1 0 0 0

POP539 Tuescha9 ICE63 1 0 0 0

POP540 Tuescha9 ICE97 1 0 0 0

POP541 Tuescha9 ICE119 1 0 0 0

POP542 Tuescha9 ICE138 0 0 0 0

POP543 Tuescha9 ICE181 1 0 1 0

POP544 Tuescha9 ICE213 1 0 0 0

POP545 Tuescha9 Bak22 1 0 0 0

POP546 Tuescha9 Koch21 1 0 0 0

POP547 TueV13 ICE63 1 1 1 0

POP548 TueV13 ICE93 1 0 0 0

POP549 TueV13 ICE120 1 0 0 0

POP550 TueV13 ICE153 1 0 0 0

POP551 TueV13 Ey1522 1 0 0 0

POP552 TueV13 Istisu21 1 0 0 0

POP553 TueV13 Lerik123 1 0 0 0

POP554 TueV13 Ped20 1 0 0 0

POP555 TueWa122 ICE60 1 0 0 0

POP556 TueWa122 ICE70 1 0 0 0

POP557 TueWa122 ICE71 1 0 0 0

POP558 TueWa122 ICE119 1 0 0 0

POP559 TueWa122 ICE130 1 0 0 0

POP560 TueWa122 ICE228 1 0 0 0

POP561 TueWa122 Fei20 0 0 0 0

POP561.2 TueWa122 Fei20 0 0 0 0

POP562 TueWa122 Vie20 1 0 0 0

POP563 Vie20 ICE93 1 0 0 0

POP564 Vie20 ICE106 1 0 0 0

POP565 Vie20 ICE138 1 0 0 0

POP566 Vie20 ICE169 1 0 0 0

POP567 Vie20 ICE216 1 0 0 0

POP568 Vie20 Bak22 1 0 0 0

POP569 Vie20 Bak27 1 0 0 0

POP570 Vie20 Yeg21 0 0 0 0

POP571 WalhaesB4 ICE61 1 0 0 0

POP572 WalhaesB4 ICE75 1 0 0 0

POP573 WalhaesB4 ICE152 1 0 0 0

POP574 WalhaesB4 Cdm20 1 0 1 0

POP575 WalhaesB4 Nie122 1 0 0 0

POP576 WalhaesB4 Star28 1 0 0 0

POP577 WalhaesB4 TueSB3023 1 0 0 0

POP578 Yeg21 ICE71 1 0 0 0

POP579 Yeg21 ICE97 1 0 0 0

POP580 Yeg21 ICE106 1 0 0 0

POP581 Yeg21 Leo21 1 0 0 0

POP582 Yeg21 Lerik123 1 0 0 0

POP583 Yeg21 Nie122 1 0 0 0

POP584 Yeg21 Vie20 0 0 0 0

POP585 Yeg21 WalhaesB4 1 0 0 0



Table&2.&Candidate&intervals&for&distorted&loci.

Interval)refinement)method
Population)ID)or)

Shared)grandparent)ID
Distorted)chromosome

Interval)start)
(Mb)

Interval)stop)
(Mb)

Interval)length)
(Mb)

K"mer&analysis POP007 Chromosome&1 20.000 27.750 7.750
K"mer&analysis POP026 Chromosome&5 11.300 15.050 3.750
K"mer&analysis POP035 Chromosome&1 13.350 17.950 4.600
K"mer&analysis POP063 Chromosome&3 1.700 7.350 5.650
K"mer&analysis POP064 Chromosome&5 NA NA NA
K"mer&analysis POP100 Chromosome&2 3.550 5.000 1.450
Bulk&segregant&analysis Star"8 Chromosome&1 8.553 10.591 2.038
Bulk&segregant&analysis ICE49 Chromosome&1 21.414 26.362 4.948
Bulk&segregant&analysis ICE63 Chromosome&1 8.254 25.007 16.753
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7. Discussion  

 As a complement to the topic focused discussions contained in the 

respective manuscripts, I would like to discuss how the results of each 

research project are linked to the evolution of genome architecture while 

exploring remaining questions and future research directions. 

 

I. The evolution of DNA methylation in the Brassicaceae 

 This comparative genomics experiment was designed to address two 

lines of inquiry. First, I sought to characterize the extent of between-species 

variation in DNA methylation. The second line of inquiry focused on exploring 

the magnitude of within-species DNA methylation variation in response to 

various stimuli. The major advance of this work came from the ability to 

directly compare, or align, a large proportion of the focal species’ genomes. 

These alignments were facilitated by the relatively recent divergence between 

Capsella rubella, Arabidopsis lyrata, and Arabidopsis thaliana, which occurred 

less than 20 million years ago [86]. Three major conclusions resulted from this 

research and these conclusions revealed two evolutionary modes that 

facilitate the evolution of DNA methylation in plant genomes.  

 

The majority of DNA methylation is driven by interspecific TE evolution 

 The first key conclusion of this work is that the majority of DNA 

methylation is linked to transposable elements. As a result, the largest source 

of interspecific variation in DNA methylation is the rapid evolution of these 

elements. In all species, most methylated nucleotides are found in local 

groups, or regions, which were computationally identified using a hidden 

Marcov model. Together these regions account for 15 to 30% of the studied 

genomes and are heavily enriched for TE sequences. The general 

chromosomal distributions of TEs and associated DNA methylation are 

comparable across species; in all cases these features are enriched in 

centromeric and pericentromeric genomic regions. Despite this similarity, over 

95% of methylated regions are not contained within the multi-species genomic 

alignments, which cover roughly two-thirds of the A. thaliana genome. This 
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finding suggests that DNA methylation is predominantly a phenotype and that 

the evolution of this mark is driven by the forces that shape the underlying 

genetic sequence. 

 The loss of three ancestral centromeres on the path leading to the A. 

thaliana lineage provides support for the rapid turnover of repeat sequences 

and associated epigenetic marks. Chromosome fusion, inversions, and 

translocations have reorganized the ancestral Brassicaceae karyotype to give 

rise to the five derived chromosomes found in A. thaliana [46, 87]. This large-

scale genomic rearrangement has placed ancestral centromeres in regions of 

elevated recombination in A. thaliana. Presumably as a result of elevated 

recombination and the increased efficacy of selection in these regions, TE 

sequences have been purged from ancestral centromeres resulting in 

euchromatic levels of TE and DNA methylation densities. The genomic 

response to massive shifts in genomic architecture only took place in the time 

since A. thaliana diverged from its congener, A. lyrata, 10 million years ago 

[86]. 

 The decreased density of TEs in gene-rich, euchromatic sequences in 

most species indicates either the TE insertions are biased, preferentially 

inserting into heterochromatic regions, or that new insertions are purged from 

these functional regions. That A. lyrata has experienced a recent burst of 

transposition, occurring only 0.6 million years ago [46], and that this species is 

enriched for euchromatic, methylated TEs provides evidence for secondary 

loss of these sequences. In many plant species, methylated TEs located in 

gene neighborhoods can dampen transcription of endogenous genes [51, 52] 

and TE-associated silencing of linked loci has resulted in phenotypic 

perturbations [88-91]. The role of methylation, and TEs in general, in shaping 

phenotypic diversity has long interested researchers. Although there is 

evidence that such loci may generate adaptive phenotypic variation, such as 

those that have been selected during maize domestication [92], the majority of 

methylated TEs in euchromatic regions are likely deleterious [48]. This has 

been demonstrated in A. thaliana, where TE insertions occur at low 

frequencies in surveyed populations and inserted regions display evidence of 

purifying selection [48]. Together, this indicates that while methylated TEs can 

perturb transcription, these changes are frequently deleterious, and when 
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such changes reside in highly recombining, euchromatic sequences they can 

be swiftly purged from the genome. Given that gene expression profiles are 

conserved across millions of years of evolution [93], any phenotypic 

consequences derived from TE-driven shifts in DNA methylation are 

predominantly transitory. 

 

Exon-linked DNA methylation is conserved over long periods 

 In contrast to TE methylation, exon-linked DNA methylation, known as 

gene body methylation, is conserved over long evolutionary periods, indicative 

of differing evolutionary forces acting on gene body methylation and TE or 

intergenic methylation [94, 95]. Methylation in exons is mostly restricted to 

symmetrical CG sites and has been shown to correlate with transcription 

levels [35, 36, 96, 97]. Although roughly two-thirds of protein coding genes are 

exon-methylated, these sites only account for a fraction of genome-wide DNA 

methylation. Prior to this work, the conservation of DNA methylation had been 

demonstrated in grass species diverged by 53 million years. Intraspecific 

correlation of gene body methylation levels over such long periods is 

indicative of selective constraint [94]. Using genomic alignments, I showed 

that not only are average gene body methylation levels conserved, but also 

that a large fraction of exon-linked CG sites are methylated in all three 

species, indicating that selective constraint preserves DNA methylation at 

specific nucleotides.  However, it is still unclear if selection is directly 

maintaining CG methylation or if correlated methylation rates are the result of 

selection acting on another biological process, for example transcription or 

chromatin compaction, which in turn affects DNA methylation. One possibility 

is that exon methylation is the result of intron-exon structure. DNA methylation 

has been shown to correlate with nucleosome positioning and these protein 

complexes are carefully positioned to delineate exon-intron boundaries [96, 

98]. In the focal species, CG methylation is enriched in the center of exons 

and most heavily conserved when exon lengths are constant across species. 

Further work is needed to dissect the causal process driving the preservation 

of gene body methylation levels, but I hypothesize that purifying selection is 

acting on gene expression levels, which in turn maintains a chromatin 

environment required for transcription. Instead of purifying selection acting to 
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purge methylated sequences, this mode of selection is acting to maintain CG 

methylation levels in exons for millions of years, possibly as a byproduct of 

transcription. 

 

Tissue-specific TE regulation gives rise to intraspecific methylation variation 

 The final conclusion of this work is that DNA methylation responds to 

both developmental and environmental cues. In all three species, nearly 10% 

of methylated cytosines varied significantly in root-shoot comparisons while 

about 1% varied between temperature treatments. Despite the 10-fold 

difference in DNA methylation response, the magnitude of transcriptional 

response was comparable, with differential regulation occurring in over 4,000 

genes in both cases. Importantly, we identified no global correlation between 

differential DNA methylation and differential gene expression. Instead, we 

found that DNA methylation in transposons and also in gene bodies is 

elevated in shoot tissues in general. This suggests that deregulation of global 

DNA methylation levels in the root may be the driving source of tissue-specific 

variation in DNA methylation. Plants, unlike animals, do not partition their 

germ cells early in development. Instead, the plant germline is designated 

from meristematic tissue much later in development. As a result, tight control 

of TE sequences is necessary in the shoot meristems to minimize TE 

proliferation and associated mutagenic effects [99]. In summary, the host’s 

requirement to minimize insertion events in germ cells has given rise to global 

shifts in DNA methylation which do not seem to coordinate transcriptional 

changes between the root and shoot.  

 

Conclusion 

 Overall, the majority of DNA methylation is linked to TEs, an important 

driver of variation in both genome size and genome architecture. As a result 

of this linkage, DNA methylation is enriched in non-recombining, centromeric 

regions and purged from euchromatic, gene-dense sequences. The fast 

evolution of such sequences indicates than any transcriptional consequences 

are short-lived, unless they are replaced by genetically encoded regulation. 

Despite empirical examples of methylation induced phenotypic shifts, the 

contribution of this epigenetic mark to lasting phenotypic variation is restricted 



	 289	

by selection acting to purge underlying transposable elements. While this is 

true for the vast majority of TEs, beneficial TE insertions will be retained for 

longer periods of time. 

 

II. The genetic architecture of non-additive hybrid phenotypes 

 The aim of this large-scale phenotyping experiment in Arabidopsis 

thaliana was to address which types of genetic variants give rise to 

phenotypic variation, a question that has interested evolutionary geneticists 

for centuries. To dissect the relative contribution of genetic drift, or mutation-

selection balance, to phenotypic variation, we chose to use a particular 

experimental system, F1 hybrids. There is evidence to suggest that many, 

deleterious mutations, i.e. those under mutation-selection balance, underlie 

inbreeding depression (reviewed in [80]), a term that refers to the suite of 

inferior phenotypes that arise in the inbred progeny of a naturally outbreeding 

individual. As a result of this work, the biological complement to inbreeding 

depression, known as heterosis, is thought to be due to the genetic 

complementation of the same deleterious mutations en route to elimination 

from the population (reviewed in [80]). Heterosis is rampant in first generation 

hybrids, making this genetic material particularly relevant for characterizing 

the influence of genetic drift in driving phenotypic variation. The major 

advance of this experiment came from the coupling of valuable genetic 

material, a large collection of F1 hybrids [77], to genome-wide association 

mapping. With this material we identified genetic variants associated with 

hybrid phenotypes suggesting that forces other than genetic drift may be 

shaping phenotypic variation in A. thaliana. 

 

Predicted source of genetic variants associated with hybrid vigor 

 The mutation-selection balance theory posits that the number of 

deleterious mutations reaches an equilibrium where their rate of accumulation 

is equivalent to the rate that they are removed from the population by 

selection [100]. At any particular snap-shot in evolutionary time each genome 

will contain a set of these variants in the process of being purged, many of 

them of small effect. If hybrid phenotypes result from such mutations, the 
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individual effects will be so small that they will be invisible to association 

mapping approaches. In fact, we used simulations to show that individual 

variants that contribute less than 5% to phenotypic variation will not be 

detected in our population. Even in traditional, biparental QTL mapping 

studies, these small-effect variants will also not be identified unless large 

population sizes are used. That we could detect genetic loci associated with 

hybrid phenotypes indicates the entirety of the genetic architecture is not due 

to the accumulation of small effect mutations under mutation-selection 

balance.  

 Instead, we found at least nine independent loci that are each linked to 

one or more measured hybrid phenotypes. Together the associated loci can 

explain up to 40% of the variance of a particular phenotype, a major success 

for association mapping studies. In addition to uncovering large-effect 

variants, associated loci displayed both classical dominant and overdominant 

phenotypic effects. Under the mutation-selection balance hypothesis, both  

small and large-effect recessive, deleterious loci are constantly purged, 

ensuring that they remain at low frequencies in outcrossing populations 

(reviewed in [80]). However, working in an inbreeding species such as A. 

thaliana complicates these expectations. The reduction in effective population 

size that results from a shift in mating system will reduce the efficacy of 

purifying selection acting against deleterious loci, increasing their population 

frequency (reviewed in [80]).  If these loci are retained after the shift to 

inbreeding they will be difficult to remove from the population and these loci 

will give rise to classical dominant phenotypic effects when complemented in 

the hybrids. Four of the nine associated loci exhibit dominant effects and may 

be the result of inefficient purifying selection against recessive, deleterious 

loci in this inbreeding species.  

 There are multiple evolutionary scenarios that are used to explain the 

segregation of overdominant genetic loci in populations. First, overdominant 

loci, or loci where the heterozygote phenotype is more extreme than either 

homozygous genotypic class, may be the result of pseudo-overdominance. 

Pseudo-overdominance describes the situation where two recessive 

deleterious mutations are physically linked in repulsion and thus cannot be 

separated easily by recombination (reviewed in [80]). Although the length of 
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linkage blocks is reduced in large dialleles due to the increase in historical 

recombination events relative to traditional QTL mapping populations that rely 

only on modern recombination, the possibility of pseudo-overdominance 

cannot be discarded. In fact, alleles with overdominant phenotypic effects 

exhibit longer local linkage disequilibrium than their dominant counterparts. 

Alternatively, overdominant loci could be due to true overdominance, or the 

effect of only a single variant (reviewed in [80]). Single mutations can be 

maintained in the heterozygous state due to balancing selection or 

antagonistic pleiotropy (reviewed in [80]). In such cases of heterozygote 

advantage, overdominant mutations will be maintained in populations for long 

periods of time. If the overdominantly acting loci are instances of true 

overdominance, then it would suggest a role for selection in shaping the 

phenotypic variation in hybrids, but molecular dissection of associated loci is 

necessary to discern between these two possibilities. 

 

Conclusions 

 That both overdominant and dominant loci were identified in this 

genome-wide association experiment, suggests that both genetic drift and 

selection may contribute substantially to hybrid phenotypes. Although large-

effect loci were detected, these loci still did not explain the entirety the 

phenotypic variation. This means that in addition to the nine large-effect loci, 

many additional small-effect variants may be contributing to the measured 

phenotypes. As I mentioned before, the novelty of this experiment resides in 

coupling the diallel crossing scheme to genome-wide association mapping. 

Despite the success of this approach, increasing the size of the diallel as well 

as the diversity of the contributing genetic would increase the probability of 

detecting additional loci underlying heterotic phenotypes. Additionally, further 

molecular dissection of the large-effect loci would provide a complete picture 

of the evolutionary forces that give rise to heterosis. 

 

III. A species-wide screen for intraspecific genetic barriers 

A large screen for biased transmission of alleles in A. thaliana was 

carried out with the goal of establishing the rate of such events at the species 
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level. Examples of segregation distortion have been documented in myriad 

organisms, but whether these events are genetic anomalies or common 

occurrences is unknown. The first step towards appreciating the contribution 

of segregation distortion to the formation of intraspecific genetic barriers is to 

fully characterize the likelihood of its occurrence in genetically diverse 

germplasm. The major advance of this work came from coupling modern high-

throughput sequencing with a large set of genetically diverse segregating F2 

populations. By surveying the extent of biased inheritance in a large set of 

diverse germplasm, I was able to provide one of the first estimates of the 

extent of this phenomenon at a species-wide level. The observed rate of 

segregation distortion (12-24%) indicates that there are many intraspecific 

genetic barriers segregating in this species. Fine-scale molecular dissection of 

distorted loci will be necessary in order to appreciate the magnitude of this 

finding and the actual contribution of such loci to hybrid dysfunction and 

subsequent speciation.  

 

The genetic architecture of segregation distortion in A. thaliana 

 The genetic architecture of segregation distortion can hint at the 

underlying biological process. Typically, segregation distortion results from 

deleterious epistasis, competition or differential fitness between gametes, or 

non-random segregation during meiosis (reviewed in [101]). While deleterious 

epistasis can result from incompatible interactions between two or more loci, 

only two-locus interactions will sufficiently perturb the expected allele 

frequency in the surveyed F2 populations. I found that in a majority of cases, 

segregation distortion was significant for only a single genomic region, 

although instances of tightly linked loci cannot be ruled out. This indicates that 

two-locus deleterious epistasis, such as classical Bateson-Dobzhansky-Muller 

genetic incompatibility, is not a major driver of the segregation distortion 

observed here. Previous work has shown that in Drosophila melanogaster 

deleterious epistasis occurs frequently, with each of the eight surveyed strains 

carrying one or two contributing loci [102]. This discrepancy may be the result 

of mating system differences between the two systems, with more deleterious 

mutations maintained in large, outbreeding populations like D. melanogaster 

[103].  
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 Without molecular identification of the causal loci it is difficult to 

speculate on the relative contribution of gamete competition and non-random 

meiotic segregation, or meiotic drive, to biased genetic transmission. The few 

molecularly characterized cases of meiotic drive are caused by the expansion 

of repeat or heterochromatic content, likely manipulating their affinity for the 

meiotic machinery [78, 79, 104]. Interestingly, a number of the candidate 

regions that were identified in this screen span centromeres, at least two of 

which have been narrowed to intervals of less than 5 Mb. If rapid shifts in 

repetitive sequences found in centromeres repeatedly spawn loci capable of 

driving their own inheritance, then there are severe consequences for the fast 

evolution of genome architecture in plants with important implications for the 

formation of genetic barriers in this species. 

 

Conclusions 

I found that biased transmission of alleles is not a rare event in A. thaliana 

and that up to 24% of segregating populations experience atypical 

inheritance. Additionally, over 50% of the grandparental accessions contribute 

alleles that are favored in at least one cross, indicating that the source of 

these alleles is extensive. To fully appreciate the extent that the evolution of 

genome architecture obstructs the free flow of genetic information in this 

species, detailed molecular genetic dissection of each causal locus is 

imperative. Detailed knowledge of the favored loci will also provide insight into 

the evolutionary forces driving intraspecific genetic barriers.  
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