
 
 

ABSTRACT 
 
 

INFLUENCE OF SEASONAL CUES ON PLANT INTERACTION 
 
 

By Vai S. Lor 
 

Phenotypic plasticity is the ability of an organism to express different phenotypes 
in response to environmental changes. A given genotype may change their morphology, 
physiology, developmental timing, and/or behavior in response to changes in biotic 
factors (e.g. presence/absence of neighbors) and/or abiotic factors (e.g. temperature). For 
example, the annual plant Arabidopsis thaliana responds to seasonal temperature cues by 
altering its flowering schedule.  When seeds are cold treated (cold stratification, 
germinating after winter) plants flower earlier than if not (germinating before winter). 
They may also flower earlier if shaded by a neighbor. Plants rarely experience only one 
environmental factor and their plastic ability depends on their genotype.  To test the 
hypothesis that plasticity to seed stratification influences plant interactions, I planted 3 
inbred genotypes of A. thaliana with different flowering time responses to cold 
stratification in the center of a 3x3 grid (1.5 cm apart) with other plants (interaction) or 
with no surrounding plants (no interaction).  To test if plants respond to differences in 
genotype of surrounding plants, they were planted in all possible inter- and intra-strain 
combinations.  Replicates of interaction treatments were cold stratified or not and the 
center plant monitored for age at first flowering and number of fruits. To examine whole 
genome expression patterns in these environments, leaf tissues were harvested for 
hybridization to microarrays.  We found that A. thaliana RILs are capable of recognizing 
neighbor genotypes but this ability was influenced by cold stratification of seeds. 
Additionally, A. thaliana RILs differentially expressed different genes in response to cold 
stratification of seeds and neighbor interaction. 





iii 

ACKNOLOWLEDGEMENTS 
 

Many people have helped me throughout my graduate career and without them I would 

have not accomplished my goals. First and foremost, I would like to thank my advisor, 

Dr. Lisa A. Dorn and my committee members Dr. Robert Wise and Dr. Toivo Kallas.  

With their expertise and guidance, I was able to improve myself to becoming a better 

biologist.  My fellow researchers and friends were essential for helping me complete this 

project: I would like to thank Nilay Sheth, George Weir IV, Kendra Casanova, Josiah 

Zacharias, Lydia Weyenberg, and Kyle Tomlinson for help with planting, discussion, and 

other aspects of the project. I would also like to thank all the professors of department of 

Biology and Microbiology all their help and guidance throughout the years, especially Dr. 

Margaret Beard. I am very grateful to Annette Murphey, Amy Hardy, and Reynee Kachur 

of the Office of Science Outreach for giving a fun and fabulous opportunity teaching 

children.  In addition, my experience through my graduate career would nat have been 

possible without the support of my Mom and Dad and my siblings: Vong Lor and Peng 

Lor.  I would like to thank my wife Ka Thao for supporting me throughout my education 

and having faith in me, throughout the good times and the stressful times; and for 

blessing me with my beautiful daughter Lyra Lor.



iv 

TABLE OF CONTENTS 

 
 

 
Page 

 
LIST OF TABLES......................................................................................................... 
 
LIST OF FIGURES....................................................................................................... 
 
CHAPTER I- INTRODUCTION.................................................................................. 
 

1.0. Phenotypic plasticity................................................................................... 
2.0. Kin selection and Phenotypic Plasticity...................................................... 
3.0. Arabidopsis thaliana: A Model Organism for Studying Phenotypic 

Plasticity and Kin Selection........................................................................ 
4.0. Microarrays: Analyzing Global Gene Expression Patterns........................ 
5.0. Microarray and Phenotypic Plasticity......................................................... 

 
CHAPTER II - INFLUENCE OF SEASONAL CUES ON PLANT INTERACTION  
 

1.0. Introduction................................................................................................. 
2.0. Materials and Methods................................................................................ 
3.0. Results......................................................................................................... 
4.0. Discussion................................................................................................... 
5.0. Conclusion.................................................................................................. 

 
REFERENCES...............................................................................................................
. 

v 
 

vii 
 

1 
 

1 
5 
 

8 
16 
18 

 
 
 

26 
29 
36 
45 
50 

 
71 



v 

LIST OF TABLES 

Following Page 52 
 
Table 2.1: Four-way ANOVA testing the effect of root barriers (RB), neighbors vs. 

alone (Nei), cold treated vs. no cold treated seeds (Trt), focal plant (Foc),  
and their interaction on bolting time, fruit production, rosette diameter, 
and basal and inflorescence branches number. 

 
Table 2.2: Mean values bolting date (BT), fruit production (Frt), and inflorescence 

branch (IBr), basal branch (BBr), and rosette diameter (RD) over all 
interactions, environments, and genotypes. 

 
Table 2.3:  Three-way ANOVA of traits when plants are grown alone; testing effects 

of root barrier (RB), cold treated vs. not treated (Trt),focal plant (Foc) and 
their interaction of flowering time, fruit production, rosette diameter, and 
basal and inflorescence branch numbers. 

 
Table 2.4:  Least squares mean of bolting time (BT), rosette diameter (RD), 

inflorescence branches (IBr), basal branches (BBr) of focal plants grown 
alone. 

 
Table 2.5:  Three-way ANOVA of traits when focal genotypes were grown with 

neighbors; testing the effect of root barrier (RB), cold/no cold treatment 
(Trt), focal plant (Foc), non-focal plant (NF) and their interaction on 
bolting time, fruit production, rosette size, and basal and inflorescence 
number. 

 
Table 2.6:  LS means of bolt time (BT), rosette diameter (RD), inflorescence branches 

(IBr), basal branches (BBr), fruit number (Frt) of genotype 30 grown 
intra- and inter-genotypically. 

 
Table 2.7:  LS means of bolt time (BT), rosette diameter (RD), inflorescence branches 

(IBr), basal branches (BBr), fruit number (Frt) of genotype 81 grown 
intra- and inter-genotypically. 

 
Table 2.8:  LS means of bolt time (BT), rosette diameter (RD), inflorescence branches 

(IBr), basal branches (BBr), fruit number (Frt) of genotype 43 grown 
intra- and inter-genotypically. 

 
Table 2.9:  General neighbor response genes regardless of exposure to cold. Number 

of genes with a significant (p < .05) fold change > +2 or <-2 in response to 
presence of a neighbor and its genotype (interaction) with and without 
cold stratification of seeds. 



vi 

Table 2.10:  Cold and neighbor responsive genes in intra- and inter-genotypic 
interactions that are also changing gene expression by cold treatment 
(Cold - No Cold) 

 
Table 2.11: Comparisons cellular component to whole genome using expressed genes 

using significantly expressed cold and neighbor responsive genes from 
Table 2.10. 

 
Table 2.12: Comparisons biological process to whole genome using expressed genes 

using significantly expressed cold and neighbor responsive genes from 
Table 2.10. 

 
Table 2.13:   Comparisons molecular function to whole genome using expressed genes 

using significantly expressed cold and neighbor responsive genes from 
Table 2.10. 

 

 

 

 



vii 

LIST OF FIGURES 

 
  Pages 

Figure 1-1: Reaction norm graphs of three hypothetical populations with three 
hypothetical genotypes........................................................................  

 
Figure 1-2: Arabidopsis thaliana, model organism for ecological, physiological 

and genomics research........................................................................ 
 
Figure 1-3: Figure 1-3: Arabidopsis thaliana life histories.   
   
Figure 1-4:  Generation of recombinant in-bred lines (RILs)  
 
Figure 1-5:  Two-dye gene expression analysis using microarrays  
 
Figure 1-6: Reaction norm graph of the mean days to bolt of 105 RILs when 

seeds were cold stratified at 4 C (Cold) or not cold stratified (No-
Cold).................................................................................................... 

 

 
3 
 
 

11 
 

13 
 

15 
 

19 
 
 
 

22 

Following Page 52 
 
Figure 2.1:  Neighbor interaction settings. 
 
Figure 2.2: Neighbor interaction planting design. 
 
Figure 2.3:  Microarray loop design of sample combination.  

Figure 2.4:  Bolting plasticity of RILs with cold stratification of seeds (Cold) vs. not 
cold stratified (No-Cold). 

Figure 2.5:  Bolting plasticity of RILs grown intra-genotypically and inter-
genotypically. 

Figure 2.6:  Volcano plots of gene expression patterns of RIL 30, 81, and 43 grown 
without neighbors.  



1 
 

 

C H APT E R I 

IN T R O DU C T I O N 

1.0 Phenotypic Plasticity 

Environmental heterogeneity generates macro- and micro-scale niches, 

influencing organisms ranging from bacteria to mammals.  In response to environmental 

changes, plants and animals may alter their morphology, developmental timing and/or 

behavior (Bradshaw 1965; Schlichting 1986; West-Eberhard 1989).  This ability to 

respond to environmental change is called phenotypic plasticity.  Initially viewed as 

experimental mistakes due to poor understanding (Bradshaw 2006; West-Eberhard 1989); 

interest in phenotypic plasticity has increased as it takes into account the influence of 

genetics, development, ecology and evolution (Dewitt and Scheiner 2004).  Past and 

ongoing studies have demonstrated phenotypic plasticity in many species under various 

(Scaphiopus couchii) tadpoles reduce their metamorphosis time with shrinking pond size 

(Newman 1989), while some intertidal snail species Littorina obtusata increase their shell 

thickness in the presence of predatory crabs (Trussell 1996).  Recently, a study by 

Kummerli et al. (2008) demonstrated some genotypes of the Gram-negative bacterium 

Pseudomonas aeruginosa can aggregate to form fruiting bodies to increase iron 

acquisition when iron stressed.  

An individual of a genotype may alter its chemistry, morphology, development or 

behavior (Agrawal 2001) presumably to increase survival (Dudley and Schmitt 1996), 

while other genotypes may not be plastic.  Phenotypic plasticity is trait specific and can 
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depend wholly on genotype.  The phenotypic variance (VP) of a trait in a population can 

be attributed to the variance in genotypes (VG), environment (VE) and genotype by 

environment interactions (VGxE), as well as errors (Verror) (Falconer 1981; Scheiner and 

Goodnight 1984; Via and Lande 1985).  Therefore the formula of phenotypic variance 

can be written as VP = VG + VE + VGxE + Verror.  Depending on the genetic make-up of the 

population, different degrees of plasticity may be exhibited for certain traits within or 

across different environments (DeWitt and Scheiner 2004).  The direction and strength of 

plasticity within and across different environments can be estimated by growing 

replicates or clones of genotypes in different environments and measuring the phenotypes 

exhibited in each environment (Dorn, Hammand-Pyle, and Schmitt 2000; Weinig 2000).   

Reaction norm graphs comparing the mean value of the trait in one environment 

to the mean value of the same trait in a different environment visually illustrate the 

concept of phenotypic plasticity and genetic variation (Scheiner 1993).  For example, 

Figure 1-1 shows a reaction norm graph of three hypothetical genotypes in two different 

environments, showing three possible plastic responses of these genotypes.  The mean 

phenotype of each genotype (genotypic value) is plotted on the y-axis for the different 

environments, which are plotted on the x-axis.  The line connecting the genotypic in both 

Sloped lines indicate plastic responses while flat lines indicate non-plastic responses.  

Figure 1-1A shows all three hypothetical genotypes having different plasticity responses 

across environment with different directions of plasticity, indicating the presence of 

genetic variation in plasticity that may generate an optimum adaptive phenotype (DeWitt 
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and Scheiner 2004).  Figure 1-1B shows the three hypothetical genotypes differing in 

responses across environments but all responded in the same direction, indicating the 

presence of genetic variation in response to environment but no interaction affect. 
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Figure 1-1: Reaction norm graphs of three hypothetical populations with three 
hypothetical genotypes.  The ordinate shows the mean phenotypic value and the abscissa 
represents the different environments.  Each point in each environment is a different 
hypothetical genotype.  The slope of the line connecting the points between the 
environments indicates the direction of plasticity (positive, negative, or homeostatic) and 
the degree of slope indicates the strength of plasticity.  A) The population differing 
plasticity response.  Genotype 1 has a positive plasticity; Genotype 3 has negative 
plasticity, while Genotype 2 is homeostatic.  The population has genetic variation of 
phenotype because of different phenotypic means and genetic variation in plasticity 
because the reaction norm has differing slopes.  B) All three genotypes are plastic in the 
positive direction.  The population has genetic variation for the phenotype because the 
phenotypic means are different but there is no genetic variation for plasticity (parallel 
lines).   
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Phenotypic plasticity is often assumed to be adaptive (Kingsolver 1995; Schmitt, 

Dudley, and Pigliucci 1999; Schmitt, McCormac, and Smith 1995), where natural 

selection favors plastic responses that generate optimal phenotypes (Schlichting and 

Pigliucci 1993; West-Eberhard 1989).  However, not all plasticity responses are adaptive; 

some studies have found plasticity that is non-adaptive and even mal-adaptive (Dorn, 

Hammond Pyle, and Schmitt 2000).  If natural selection favors production of adaptive 

phenotypes, the non-adaptive and mal-adaptive phenotypes will be selected against 

(Ghalambor et al. 2007); thus reducing the overall genetic variation in the population but 

allowing for its survival.  Therefore, populations that have the most genetic variation for 

certain traits, as in Figure 1A, should have higher fitness than other populations as a 

result of selection (DeWitt and Scheiner 2004; Scheiner 1993; West-Eberhard 1989). 

 

2.0 K in Selection and Phenotypic Plasticity 

Phenotypic plasticity may increase the fitness of an individual by maximizing the 

number of offspring it produces even when the environment changes.  For some 

 

According to the kin selection theory (Hamilton 1964), the fitness of individuals living in 

social groups includes the fitness conferred by contributing to the rearing or survival of 

other related individuals, even at the cost of their own breeding, as long as copies of their 

genes are passed on to the next generation.  Many kin selection studies have been done 

on insects such as the paper wasps (Polistes dominulus) (Cant and Field 2001) where the 
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colony is predominately ruled by one queen (i.e. eusocial) and the goal of workers in the 

colony is to provide for the young and protect the colony by self-sacrificing (i.e. altruism) 

if necessary (Hamilton, 1964).  Kin selection has also been shown in mammalian social 

groups such  (Spermophilus beldingi).  Individuals in the 

group emit alarm calls to warn the rest of the colony about predators despite its own risk 

of predation as calling out reveals its location to the predator (Robinson 1980; Sherman 

1977). 

Depending upon the population, not all organisms are influenced by kin selection.  

Some organisms may choose to cooperate as a group or work by themselves to achieve 

certain objectives.  For example, some sweat bee queens (Halictus sexcinctus) choose to 

build and start a nest by themselves (creating a eusocial hive) while other queens 

cooperate among themselves to create a communal hive where all the queens have nearly 

equal responsibility (Richards, Wettberg, and Rugers 2003).  In vertebrates, some long 

tailed tits (Aegithalos caudatus) help raise broods of other long tailed tits if they lost their 

broods from predation or have limited nest availability.  However, individuals prefer to 

help raise broods of relatives (e.g. parents or siblings) over non-relatives and prefer not 

certain species are capable of forming social groups in nutrient poor environments.  For 

example, Pseudomonas aeruginosa can vary the production of pyoverdins (iron-

scavenging molecules) in response to cell density and colony composition (Budzikiewicz 

2001; Griffin, West, and Buckling 2004; Kummerli et al. 2008; West et al. 2006.  
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Therefore, behavioral practices thought to be subject to kin selection can be plastic 

depending upon the environment. 

 

2.1 K in Selection in Plants 

Kin selection is important behavior in animals for making altruistic decisions to 

ensure passing of genetic copies.  Kin selection can also be applied to competition 

between species where related individuals works together to ensure copies of their genes 

are passed on (Dudley and File 2007).  Therefore, kin selection may be operating in 

plants that are consistently competing for resources (e.g. light, water, nutrient, etc.) with 

other plants species and their own kin.  Axelrod and Hamilton (1981) argued that if 

related plants compete less with each other, they would indirectly increase their own 

fitness and the fitness of their neighbor by spending fewer resources on competition.  For 

animals, a key component to kin selection is that they are capable of recognizing each 

other so they can preferentially pick their kin over strangers (Waldman 1988).  It is 

known that plants sense and respond to the presence of other plants (Callaway 2002), 

through both above-ground and below-ground sensory mechanisms.  Above ground 

mechanisms include the phytochrome-mediated shade avoidance response where plants 

elongate their stem when shaded by other plants (Dudley and Schmitt 1996).  However, 

the majority of neighbor sensing is done by the root systems.  In response to the presence 

of neighbors, plants increase their root biomass to increase below ground competitive 

ability (Gersani, Abramsky, and Falik 1998; Gersani et al. 2001; Murphy and Dudley 

2007).  In a study by Mahall and Callaway (1992) on root interactions of two desert shrub 
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species (Larrea tridentata and Ambrosia dumasa), they showed that L. tridentate 

inhibited root elongation of all neighboring plants upon root contact while A. dumasa 

inhibited root elongation of other A. dumasa only.  But both species did not inhibit their 

own root elongation upon contact.  In a different study in the annual plant Cakile 

edentula, Dudley and File (2007) showed that C . edentula can recognize its own siblings 

and allocate less to the fine root biomass compared to interactions with a different 

genotype.  Therefore this ability to respond towards the presence of neighbors is 

genotype and species dependent (Falik et al. 2003; Huber-Sannwal, Pyke, and Caldwell 

1996; Mahall and Callaway 1992, 1996).   

 

3.0 Arabidopsis thaliana: A Model O rganism for Studying Phenotypic Plasticity and 

K in Selection 

Arabidopsis thaliana (Figure 1-2) is a small flowering annual plant from the 

mustard family (Brassicaceae) that is capable of self-fertilizing.  A. thaliana was 

originally distributed throughout Europe and Asia but is now found through the world.  

Even though A. thaliana is related to crops such as cabbages, cauliflower, broccoli and 

horseradish, it is considered a weed with no economic value (Meyerowitz, 1987).  

Despite no economic value, A. thaliana has become the model organism for studying 

ecology, molecular biology, biochemistry, physiology and genetics (Somerville and 

Koornneef 2002) of plants because it is easy to grow and is capable of producing 

hundreds of offspring (Meyerowitz 1987).  Since A. thaliana is capable self-fertilize, 

recombinant inbred strains homozygous for desired traits can be generated for studying 
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genetic variation in the population or for maintaining mutations lines (Burr et al. 1988).  

In addition, A. thaliana  small genome of ~125-megabases (AGI 2000; Leutwiler, 

Hough-Evens, and Meyerowitz 1984) makes it is easy to genetically manipulate through 

transgenic transferred DNA lines (T-DNA) (Feldmann and Marks 1987; Mayerhofer et 

al. 1991; Sommervile and Koornneef 2002).   

In a greenhouse or chamber, A. thaliana has a short life-cycle of ~8 weeks 

(Somerville and Koorneef 2002) but that varies widely among accessions and 

environments.  True leaves appear after germination in whorls around a single apical 

meristem to create a rosette of leaves.  When the plant bolts, the stage at which the plant 

transitions from vegetation to reproductive, the apical meristem converts from a 

vegetative meristem to an inflorescence meristem.  Upon bolting, the rosette stops 

growing and redirects the plants energy towards flowering and fruit production (i.e. 

siliques).  Therefore the number of leaves produced and the size of the rosette whorl is 

highly correlated with the timing of flowering (Aarssen and Clauss 1992; Westerman 

1970; Zhang and Lechowicz 1994). 

A. thaliana has two basic life histories, the Fall annual or Spring annual (Figure 1-

3).  In Fall annuals, seeds germinate in the Fall and overwinter as rosettes.  During the 

winter, the germinants continue to grow and develop until the following spring when they 

bolt with a relatively large size thus producing many fruits (Baskin and Baskin 1974 

1983; Donohue 2002, 2005).  For some accessions the cold treatment of rosettes (i.e. 

vernalization), is required for flowering.  Alternatively, Spring annuals spend winter as a 

seed (i.e. cold stratification) not germinating until early the following spring.  Spring 
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annuals have a shorter development window and must grow and reproduce before mid-

summer heat kills the plant (Donohue 2002, 2005; Griffith, Kim, and Donohue 2004; 

Thompson 1994).  Therefore, Spring annuals are smaller and produce fewer fruits than 

Fall annuals.  In natural A. thaliana populations, the developmental sequences of these 

two germination cohorts will vary among ecotypes (Nordborg and Bergelson 1999).  
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Figure 1-2: Arabidopsis thaliana, model organism for ecological, physiological and 

genomics research. 
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3.1 Recombinant In-bred L ines (RI Ls) 

A thaliana is a self-fertilizing organism, thus individuals within ecotypes 

(accessions) are homozygous.  Therefore, each accession is genetically different and the 

since A. thaliana is 

also capable of outcrossing they can be used to generate recombinant inbred lines (RILs) 

by crossing two parental genotypes to yield mosaic offspring that are allowed to self-

fertilize for successive generations (Abbot and Gomes 1989; Bergelson et al. 1998) 

(Figure 1-4).  In each generation, crossing over events between the two parental 

chromosomes yield new combinations of alleles at different loci forming unique progeny 

genotypes.  After eight generations of selfing, the allelic recombinations for all the genes 

are fixed in position (Broman 2005; Burr et al. 1988). 

RILs are useful because they represent a permanent recombined population 

(Bailey 1971) that can be replicated indefinitely while maintaining their genetic fidelity 

(Lister and Dean 1993).  Therefore, RILs have been used for genetic linkage mapping 

studies in organisms such as mice (Bailey 1981), peas (Timmerman-Vaughan et al. 1996) 

and Arabidopsis (Burr 1988; Lister and Dean 1993; Schmid et al 2005).  Since each RIL 

can have many replicates, bias due to individuals, environments and measurements can 

be reduced (Broman 2005).  RILs are useful in evolutionary studies of phenotypic 

plasticity because transgressive segregation typically generates a wider range of 

phenotypes then those observed in either of the parental accessions.  If phenotypic 

plasticity is subject to natural selection then past selection events may have eliminated 

some plastic responses that are re-generated by transgressive segregation.  Likewise, 
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RILs are useful for examining the role of gene expression in plastic responses to the 

environment as recombination may also rearrange regulatory regions and the genes they 

regulate.  Thus recombination may cause variations in gene expression patterns that in 

turn result in phenotypic variation. 

3.2 Cal x Tac R I Ls 

The recombinant inbred lines used in this experiment were generated from two 

natural A. thaliana ecotypes: Tac-0 from Tacoma, Washington, USA and Cal-0 from 

Calver, England.  Cal seeds were acquired through the Arabidopsis Biological Resource 

Center at Ohio State University (Stock CS1062). Tac seeds were collected by T. 

Mitchell-Olds in 1990. Tac seeds were maintained through single seed descent for two 

generations prior to crossing to minimize maternal effect from the field.  Cal and Tac 

were chosen as parental lines because they differed in their flowering times in different 

environments. Additionally, Cal does not require cold stratification of its seeds in order to 

germinate but Tac does require stratification.  One hundred twenty RILs were created by 

crossing Cal (the paternal line) with Tac (the maternal line).  Currently, the phenologies 

of the parental lines are unknown but studies show there is variation in the responses of 

the RILs to cold stratification (Donohue et al. 2005). 
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Figure 1-4: Generation of recombinant in-bred lines (RILs). The RILs were created by 
crossing two natural genotypes to produce heterozygous F1 offspring.  F1 offspring were 
allowed to self-fertilize, which allowed the parental chromosomes to cross over and 
rearrange genes. The offspring from each generation were allowed to self-fertilize for 8 
generations until they were homozygous at every locus.  This process yields individuals 
with genetic combinations that are the extremes on either side and individuals with 
different genetic arrangements between the extremes.  Figure courtesy of Lisa A. Dorn. 
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4.0 Microar rays: Analyzing Global Gene Expression Patterns 

DNA is present in all cells and contains the genetic information to make all the 

cellular machinery required by the cell.  However, the proteins encoded by genes are the 

workhorses of the cell that determine the morphology, physiology and biochemistry of 

the organism and when, where and if those proteins are made is tightly regulated.  

Changes in the expression of a gene are important in determining how organisms change 

their phenotype in response to an environmental factor or cue.   

One approach to understanding the role of gene expression in phenotypic 

plasticity to cues is to study the production of messenger RNAs (mRNA), the transition 

molecule generated by transcription of the genes encoded by DNA and used to synthesize 

proteins.  Initially, Northern blot hybridizations (Alwine, Kemp, Stark 1977) were used 

for gene expression studies.  In this method, mRNA is extracted from cells, denatured, 

separated by size via gel electrophoresis, transferred to a membrane to immobilize and 

then hybridized with complementary single-stranded DNA (cDNA) probes with markers 

used for visualization.  Thus, Northern blots are useful for determining the relative 

abundance of a specific gene of known sequence, but are not especially quantitative.  

Another method for detecting expressed mRNA is quantitative reverse transcriptase 

polymerase chain reaction (qRT-PCR) (Heid et al. 1996; Wong and Medrano 2005).  

Primers sets (short nucleotide sequences ~20bp long) are designed to complement the 

expressed mRNA of interest and PCR is used to amplify the mRNA.  The advantage of 

using qRT-PCR over conventional reverse transcriptase PCR (RT-PCR) is that qRT-PCR 

is capable of quantifying the relative abundance of RNA present in the cell.  qRT-PCR 
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uses similar reagents to RT-PCR but includes fluorescent probes, either TaqMan® or 

Syber® Green that would be detected after each amplification cycle by a fluorescence 

detector.  To be able to calculate the relative abundance of an RNA product, a reference 

gene that is constitutive expressed (e.g. actin) would be required for comparisons.  qRT-

PCR is a quick and sensitive tool that can be used to detect the presence and abundance 

of food borne pathogens such as Salmonella (Marlony et al. 2004) or the severity of 

cancer cells in the human body (Bernard and Wittwer 2004).  Alternatively, microarrays 

can be used to analyze the expression of an entire genome or parts of the genome in 

parallel (Figure 1-5) (Schena et al. 1998).  With advancements in technologies and 

increasing competition to make microarrays cost effective for academics and commercial 

labs, microarrays have become relatively cheap and easy to customize to the preferences 

of the individuals (Brown and Botstein 1999). 

Conceptually, microarrays are similar to Northern blots where cDNAs are 

hybridized to an immobilized nucleotide sequence.  Different from Northern blots, 

microarrays have gene probes that are linked to the microarray for cDNA hybridization.  

Depending upon the microarrays, some have gene probes for the whole genome or just 

probes for the genes of interests.  Therefore, microarrays are capable of comparing all the 

genes of two different samples at one time in order to understand the expression patterns 

of genes involved in the production of complex traits in response to environmental cues 

(Schena et al. 1995).  Initially, mRNA is extracted from tissue samples from two different 

environments and reverse transcribed to cDNAs.  The cDNAs from each environmental 

sample are labeled with either a red (cyanine 5) or green (cyanine 3) fluorescent tag 
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(Schena et al. 1998).  Labeled cDNAs are mixed together and washed over the 

microarray to allow cDNA hybridization.  After ~14hours of incubation, the fluorescent 

tags can be visualized and the relative abundance of genes can be calculated (Schena et al 

1995; Shalon, Smith, and Brown 1996).  Since microarrays are efficient and versatile 

tools for analyzing gene expression, they can be used to compare the gene expression 

differences between two different tissue samples, two genotypes, gene expression over 

time or gene expression across environments. 

Microarrays are a powerful tool for analyzing whole genome expression but the 

experiment has to be properly designed with the correct number of technical and 

biological replicates (Churchill and Oliver 2001; Yang and Speed 2002).  If two 

fluorescent dyes are used (cyanine 3 and cyanine 5) to label two different samples, a dye 

swap would have to be performed where the samples replicated and labeled with the 

opposite from the first replicate.  For example, Sample 1 is labeled with Cy-5 and sample 

2 labeled with Cy-3, the replicate of sample 1 is now labeled with Cy3 and the replicate 

of sample 2 is labeled with Cy5.  Once the microarrays are hybridized and scanned, the 

data have to be normalized to relativize the data. 

 

5.0 Microar rays and Phenotypic Plasticity: 

Expressions of phenotypically plastic traits (morphological and behavioral) are 

the result of interactions between genes and environment.  Identifying and understanding 

the genes that are involved in phenotypic plasticity is important to understanding the 

genetic mechanism(s) that controls phenotypic plasticity.  Microarrays can be used to 
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study gene expression patterns triggered by environmental cues to elicit plasticity 

responses.  For example, a microarray experiment performed by Wang et al. (2007) 

showed that drought-tolerant upland rice up-regulated more oxidation protection genes 

than drought-susceptible lowland rice.   
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Figure 1-5: Two-dye gene expression analysis using microarrays.  Messenger RNAs are 
extracted from tissue samples with different environmental treatments then reverse-
transcribed to cDNA and labeled with the appropriate cy-dyes: Cy3 (green) or Cy5 (red).  
The labeled cDNAs are combined and washed over the microarray, then incubated 
overnight to allow hybridization between the cDNAs and probes on the arrays.  After 
incubation, the microarray is scanned and the relative abundance of each gene is 
calculated based on fluorescence intensity. 
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Rubin and Dorn (n.d.) examined the development of 105 Cal x Tac RILs when seeds 

were cold stratified at 4°C (No-Cold) or not cold stratified (Cold).  Reaction norm graph 

of the mean days each RIL took to bolt showed variability in plasticity responses to Cold 

and No-Cold (Figure 1-6).  From the graphs, three RILs (RIL 30, RIL, 81, RIL 43) with 

different plasticity responses were identified for further analysis.  RIL 30 bolted earlier 

(~37 days) when seeds were cold stratified compared to no seed stratification (~37days).  

RIL 81 bolted later (33 days) when seeds were cold stratified compared to not cold 

stratified (~23 days).  Last, RIL 43 bolted approximately in the same number of days 

(~24days) whether seeds were cold stratified or not.  Thus RILs 30 and 81 have opposite 

plasticity responses while RIL 43 is homeostatic.  Cotyledon tissues for all RILs were 

collected in the beginning of the experiment but only tissues samples of the chosen RILs 

were used for gene expression studies via microarrays.  The microarray studies revealed 

that RIL 43 up-regulated many genes relative to RIL 30 and 81 in response to cold 

stratification of seeds. 

5.1 Present Study 

We know plants are highly plastic organisms, capable of adapting to 

environmental changes.  However, there are limits to how plastic a plant can be towards 

environmental changes.  In this study, I looked at the interaction between cold 

stratification of seeds and plant competition to see how they influence the phenotypic 

plasticity of RIL 30, 81, and 43 (Rubin and Dorn (n.d.)).  I hypothesized that: H1: Cold 

stratification of seeds will influence the phenotypic plasticity of the plants to increase the 

competitiveness of the plants, H2: The RILs are capable of neighbor recognition and 
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therefore increase competitiveness (i.e. increased fruit production),  H3: RIL 30 and RIL 

81 will be responsive towards the presence of neighbors, while RIL 43 would not be 

responsive towards neighbors, H4: All RILs will have increased gene expression in 

response to neighbor with RIL 43 being least response with least number of differentially 

expressed genes.  

In natural populations, the phenotypic plasticity of plants can be influenced by 

abiotic factors (e.g. water, light, temperature) and/or biotic factors (e.g. plant 

competition).  In some environmental conditions, plant competition may be the most 

influential factor on phenotypic plasticity because neighbors compete for resources such 

as nutrient, space, and light.  Cold stratification of seeds has been shown to alter the 

flowering time plasticity of different A. thaliana ecotypes (Nordberg and Bergelson 

1999) along with plant competition (Callaway, 2002; Dorn, Hammond-Pyle, and Schmitt 

2000; Smith and Whitlam 1997).   

Therefore, I wanted to test if the different RILs are capable of recognizing their 

own siblings (i.e. RIL 43 recognizing other RIL 43) or not and how interacting with 

neighbors would affect their overall fitness (i.e. days to bolt, days to flower and fruit 

production).  I also wanted to compare the gene expression patterns of each RIL when it 

is interacting with its sibling or with one of the other two RILs to identify overall gene 

expression patterns and possible candidate genes. 

I chose RIL 30, 81, and 43 identified by Rubin and Dorn (n.d.) because they are 

known to have the most plastic flowering time  in response to cold stratification of seeds; 

which may be important in competitive settings.  Thus, I recorded bolt date, flowering 
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date, rosette diameter at bolting, the number of inflorescence and basal branches 

produced and the number of fruits produced.  At bolting, I collected leaf tissues in order 

to determine which genes are over or under expressed due to neighbor interaction. 
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Figure 1-6: Reaction norm graph of the mean days to bolt of 105 RILs when seeds were 
cold stratified at 4 C (Cold) or not cold stratified (No-Cold).  Three general plasticity 
responses were observed and one RIL from each plasticity responses was chosen (bold 
lines) for further analysis.  RILs 30 and 81 were identified to have the most extreme 
plasticity responses with the biggest difference in mean days to bolt.  RIL 43 was 
homeostatic, bolting the earliest in both treatments.  Figure from Rubin and Dorn (n.d.). 
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5.2 Objectives of Study 

The objectives of the study were to: 

1. determine if the three recombinant in-bred lines are responsive towards the 

presence of neighbors and recognize their sibling (i.e. kin selection) 

2. determine if cold stratification of seeds affect the ability of the recombinant in-

bred lines to sense the presence of neighbors 

3. compare gene expression patterns of the three recombinant in-bred lines with 

neighbor interactions to those without neighbor interactions with and without cold 

stratification of seeds  

4. identify possible candidate genes involved in neighbor sensory 

5. analyze upstream regions of candidate genes involved in neighbor sensing 
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C H APT E R I I 

IN F L U E N C E O F SE ASO N A L C U ES O N PL A N T IN T E R A C T I O NS 

 

1. Introduction 

Phenotypic plasticity is the ability of an organism to express different phenotypes 

in response to environmental changes (Bradshaw 1965; Schlichting 1986; Sultan 1987).  

A given genotype may change its morphology, physiology, developmental timing and /or 

behavior in response to changes in biotic factors (e.g. presence/absence of neighbors) 

and/or abiotic factors (e.g. temperature) (Agrawal 2001, Bradshaw 1965; Schlichting 

1986; Sultan 1987) to increase their competitiveness (Callaway 2002).  Phenotypic 

plasticity can be adaptive (Kingsolver 1995; Schmitt et al. 1995; Schmitt et al. 1999), 

generating optimal phenotypes to increase the fitness (i.e. increased fruit production) of 

the organism (Schlichting and Pigliucci 1993; Schmitt 1999; West-Eberhard 1989).  

Some plastic traits may be non-adaptive (do not increase fitness) or mal-adaptive 

(lowering the fitness of the organism) (Dorn et al. 2000; Schmitt et al. 1999; Weinig 

2000, Weinig et al. 2004).  There are also costs of plasticity: 1) maintaining the ability to 

be plastic, 2) information acquisition costs, 3) production of plastic trait and 4) 

maintenance of plastic trait (DeWitt 1998; Dorn et al. 2000; Scheiner 1993; Van 

Tienderen 1991). These costs of plasticity can be reduced by living in social groups 

where related individuals work together to increase survival rates and ensure successful 

passing of genetic information to the next generation (i.e. kin selection) (Hamilton 1964).  

For example, some sweat bee queens (Halictus sexcinctus) choose to build hives alone 
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and spend more energy foraging and building the hive (Richards et al. 2003). 

Alternatively, some sister queens cooperate with each other to create a communal hive. 

Thus kin selection (the ability to recognize self/non-self and relatives) is a highly 

conserved attribute of animals and insects (Waldman 1988).  Plants are known to be 

highly plastic organisms (Agrawal 2001; Bradshaw 2006; DeWitt and Scheiner 2004; 

Richards et al. 2006; Sultan 1987) that are capable of sensing the presence of other plants 

(Callaway 2002; Callaway, Pennings, and Richards 2003) but only recently have studies 

demonstrated plants to be capable of kin selection (Callaway and Mahall 2007). 

In natural plant populations, interactions with neighboring plants influence the 

plasticity of the plant.  Above ground, plants elongate their stems and leaves to avoid 

being shaded by other plants (Casal and Smith 1989; Schmitt, Dudley, and Pigliucci 

1999; Schmitt and Wulff 1993).  Below ground, plants increase root allocation to access 

low or depleting resources (De Kroon and Mommer 2006; Gersani, Abramsky, and Falik 

1998; Gersani et al. 2001; Hodge 2004; Murphy and Dudley 2007).  Besides responding 

to resource depletion, studies have demonstrated that root systems can sense the presence 

of neighbors before resources are depleted (Gersani et al. 2001; Maina, Brown, and 

Gersani 2002). Since plant competition is a form of kin selection, related plants can 

compete less with each other and indirectly increase their fitness and the fitness of their 

kin by spending fewer resources on competitive traits (Axelrod and Hamilton 1981).  For 

example, Mahall and Callaway (1991) demonstrated that Ambrosia dumosa was capable 

of self/non-self-recognition by inhibiting root growth of other A. dumosa upon contact 

but not its own roots.  Dudley and File (2007) showed that Cakile edentula can recognize 
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its own siblings and allocate less to the fine root hair biomass compared to when 

interacting with a different genotype.  Other studies demonstrating neighbor recognition 

in plants also exist (Donohue 2003; Falik et al. 2003; Hozapfel and Alpert 2003; Kelly 

1996; Mahall and Callaway 1996; Semchenko, John, and Hutchings 2007; Willis, Brock, 

and Weinig 2010).  Thus, phenotypic plasticity and kin selection are genotype-dependent 

and are influenced by interactions between genes and environment (Scheiner 1993; 

Schlichting and Pigliucci 1993; Via et al. 1995).  However, the genetic basis and 

mechanisms of phenotypic plasticity in response to neighbor interaction are poorly 

understood. 

Due to the complexity of gene expression, comprehension of the genetic 

mechanisms governing phenotypic plasticity is difficult.  Possibly, one gene could affect 

multiple traits to cause plasticity (i.e. pleiotropy) (Schmalhausen 1949; Via 1993) or 

multiple genes interacting could cause plasticity (Scheiner and Lyman 1991; Schlichting 

1986; Schlichting and Pigliucci 1993).  In this study, we performed global gene 

expression analysis using microarrays to visualize the gene expression patterns of three 

Arabidopsis thaliana recombinant in-bred lines (RILs) in response to cold treatment of 

seeds (i.e. seed stratification) and neighbor interaction.  By using microarrays, we want to 

identify the overall gene expression patterns and possible candidate genes involved in 

plasticity responses to neighbor and seed stratification. 

Seed stratification is common environmental cue used by some plants to break 

dormancy (Baskin and Baskin 1983; Munir et al. 2001). Seed stratification is also a 

known to influence flowering time of A. thaliana (Nordberg and Bergelson 1999).  In A. 
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thaliana, the bolting stage is an important stage where A. thaliana transitions from being 

vegetative to reproductive and focuses all of its energy towards flowering and fruit 

production.  Therefore analysis of the gene expression patterns when the plant bolts will 

give an indication of what gene(s) and how much of the gene(s) were expressed in 

response to seeds stratification and neighbor interaction. 

Here we address the following questions: 1) Are Arabidopsis thaliana 

recombinant in-bred lines capable of sensing and distinguishing the genotype of 

neighbors?  2) Is the ability to sense neighbors due to root interactions? 3) Is sensitivity to 

neighbors affected by sensitivity to seed stratification? 4) Are there differentially 

expressed genes across the RILs? 

 

2.0 Materials and Methods 

2.1 Study Species 

Arabidopsis thaliana (Brassicaceae) is an annual weedy plant found throughout 

North America and Europe that can exhibit two possible annual life-histories: winter and 

spring annual life-histories.  Winter annuals germinate in fall, overwinters as rosettes (i.e. 

vernalization), bolts and flowers at a relatively large size in spring (Baskin and Baskin 

1983; Donohue et al. 2005; Stinchcombe, Dorn, and Schmitt 2004). Spring annuals 

overwinter as a seed (i.e. cold stratification), germinate at the beginning of spring, bolts 

and flowers at a relatively small size in late spring (Donohue et al. 2005; Munir et al. 

2001; Nordberg and Bergelson 1999). 
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We used A. thaliana recombinant inbred lines (RILs) derived from two 

homozygous accessions: Cal from Calvary, England and Tac from Tacoma, Washington, 

USA with Tac as the maternal parent.  Cal seeds were acquired through the Arabidopsis 

Biological Resource Center at Ohio State University (Stock CS1062). T. Mitchell-Olds 

and L. A. Dorn collected Tac seeds in 1990.  One hundred twenty RILs were maintained 

for at least eight generations by single-seed descent, resulting in 98.4-99.6% 

 

In 2005, Rubin and Dorn (n.d.) planted two cohorts with twenty replicates of the 

one hundred twenty RILs to survey the life history traits and phenotypic plasticity in 

response to cold stratification of seeds.  Seeds of one cohort were cold stratified at 4°C in 

the dark for ten days to mimic spring annual life history, while the second cohort was not 

cold stratified.  Three general bolting time plasticity was observed: 1) RILs bolted earlier 

with cold stratification of seeds than without cold stratification, 2) RILs bolted later with 

cold stratification of seeds than without, 3) RILs bolted approximately the same time with 

or without seed stratification.  Each RIL was categorized as a sensitive negative, sensitive 

positive or insensitive RIL. Sensitivity were calculated by subtracting mean days to bolt 

without cold stratification from mean days to bolt with cold stratification of seeds while 

insensitive have similar mean days bolt.  Three RILS, one RIL from each sensitivity 

group, were identified as extreme RILs. RIL 30 (sensitive positive) and RIL 81 (sensitive 

negative) had biggest difference in the mean days to bolt between cold stratified and not 

cold stratified seeds.  RIL 43 (insensitive) bolted the earliest of all insensitive RILs.  See 
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Rubin and Dorn (n.d.) for more information about this study.  Thus, RIL 30, RIL 43 and 

RIL 81 were chosen for this study.   

 

2.2 Planting Design and Setup  

To test the interaction sensitivity of the RILs, we established four different 

interaction settings (Figure 2.1). In interaction A, we tested if RILs 30, 43 and 81 can 

sense and distinguish between the genotypes of their neighbors.  Each RIL was planted in 

the center of a 3x3 grid (focal plant) spaced 2 cm apart (Figure 2.2), surrounded by 

neighbors (non-focal plants) in all possible combinations. Thus each RIL was planted in 

one intra-genotypic interaction and two inter-genotypic interactions. There were nine 

different interaction combinations with 24 replicates per interaction combination to total 

216 

ability to sense the presence of neighbors is through root interaction.  Thus Interaction A 

was replicated with root barriers imposed upon the root systems of the focal plants to 

prevent root interaction between the focal and non-focal plants.  Root barriers were 

2.5cm x 2.5cm x 5.0cm polystyrene cells (ITML Horticultural Products Cat. PLG098S,) 

with 1mm pores to prevent root interactions but still allowed horizontal water exchange.  

In 

Interaction C, we wanted to see what the typical life history of each RIL 

was without neighbor interaction.  Each RIL was planted in the center of a 3x3 grid 

without neighboring plants and replicated 24 times to total 216 focal plants without 
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neighbor interaction.  In Interaction D, Interaction C was replicated to test if the presence 

of root barriers affected the flowering time and fitness of the RILs.  

presence of neighbors, Interactions A-D were replicated and seeds were cold stratified at 

4°C for 11 days in the dark.  Overall, there were a total of 1728 focal plants. 

Two cohorts were planted in fall of 2010.  The first cohort of 864 focal plants 

(with neighbors/with root barrier; with neighbors/ without root barrier; without 

neighbors/with root barrier; without neighbors/without root barrier) was cold stratified at 

4°C for 11 days in the dark. All seeds were planted on top of damp soilless mix filled 

flats. Each flat was divided into twenty-four 3x3 grids and each grid was randomly 

assigned an interaction combination to avoid biased growth in the greenhouse. On the 

11th day, the second cohort was planted.  All plants were taken to the greenhouses on the 

5th floor of the Halsey Science Center at University of Wisconsin  Oshkosh and watered 

daily until soil was moist. All focal plants were monitored daily and the following 

phenotypic traits were recorded: bolting time (bolt date minus germination date), 

flowering time (flowering date minus germination date), rosette diameter, number of 

bolting date, two true leaves were harvested and flash frozen for RNA extraction. 

2.3 Microar ray Design and Preparations 

Arabidopsis thaliana oligonucleotide microarrays, obtained from the University 

of Arizona (http://www.ag.arizona.edu/microarray) were used for studying gene 

expression due to neighbor interaction and cold stratification of seeds.  Each A. thaliana 
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microarray contained 26,000 oligonucleotides, covering the whole genome of A. thaliana.  

To reduce bias from microarrays and cy-dyes, we used the loop design (Figure 2.3) with 

four biological replicates, two samples labeled with the green fluorescent dye cyanine-3 

and two samples labeled with the red fluorescent dye cyanine-5.  Due to the complexity 

and limitation of microarrays, RNA was only extracted from focal plants of Interaction A 

and C with cold stratification of seeds and without   stratification; which resulted in a 

total of forty-eight microarrays. 

Total RNA was extracted using RNeasy Plant Mini Kits (Qiagen Cat. 74904). We 

used 1000ng of total RNA in a 20µL volume per sample, following a modified protocol 

provided by University of Arizona (http://ag.arizona.edu.microarray.methods.html).  The 

microarrays were rehydrated and immobilized according to the protocol provided by the 

University of Arizona prior to hybridization.  RNA samples were reverse transcribed to 

cDNA with amino-allyl nucleotides using random primers. cDNA samples were cleaned 

using Qiaquick PCR purification kit (Qiagen Cat. 28104) to remove unincorporated 

amino-allyl nucleotides and then dye-coupled with mono-reactive cyanine green (Cy-3) 

or red (Cy-5) (Amersham Biosciences Cat 23001 and 25001).  Excess cy-dyes were 

removed using PCR purification kit then cleaned samples were denatured and 

hybridization onto the microarrays for 14 hours at 55°C in a humid chamber. Post 

hybridization, microarrays were cleaned and stored in a dry lightproof container at room 

temperature. Hybridized microarrays were scanned using the GenePix 4000b at the Gene 

Expression Center at the University of Wisconsin  Madison. Scanned microarrays were 
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gridded using VersArray v. 4.5 (BioRad 2002) and the relative intensities of the spots 

were calculated. 

 

2.4 Statistical Analysis 

Sensitivity towards neighbors was defined as the ability to change phenotypic 

plasticity in response plant competition.  We conducted statistical tests with the R v2.13.1 

statistical programming language (R developmental Core 2011).  We performed a three-

way ANOVA to evaluate phenotypic plasticity response to plant competition.  In the first 

model, we evaluated the fixed effects of focal genotype, neighbor genotype, root 

interaction and their interaction influencing  phenotypic plasticity when grown alone vs.  

intra- and inter-genotypic competition with neighbors.  Main effect of focal genotype 

would indicate that genotypes differ in plasticity response to neighbors. Main effect of 

neighbor genotype indicates that growing intra-genotypically vs. inter-genotypically 

affects plasticity to neighbors.  Main effect of root interaction demonstrates that root 

interaction vs. no root interaction affects phenotypic plasticity to plant competition.  A 

significant interaction between focal genotype, neighbor genotype, and root interaction 

would indicate there is genetic variation in phenotypic plasticity response to plant 

competition.  The effect of the focal plant, neighbor genotype, root interaction and their 

interaction were evaluated for the fallowing traits: flowering time, fruit number, rosette 

diameter at bolting, and numbers of basal branch and inflorescence branches.  The least 

squares mean (LS-means) were calculated using effects v2.10-12 (Fox 2003) and SAS 

(PROC GLM, SAS, 2010). 
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Using the same model, we added a fourth term (Cold) and performed a four-way 

ANOVA to evaluate the interaction effect focal genotype, neighbor genotype, root 

interaction, and cold stratification of seeds affected plasticity in competition. Main effect 

of Cold would demonstrate seed stratification affected the plasticity of the focal 

genotype.  An interaction effect of Cold indicates there are genetic variations in 

phenotypic plasticity response to plant competition. 

We conducted Tukey HSD post hoc test to see whether the genotypes differed in 

their plasticity response to plant competition with root interaction and cold stratification 

of seeds.  We also tested the correlation of between flowering time, fruit production and 

rosette diameter using the Hmisc v3.8-3 package (Harrell 2010).  

Gene expression levels were analyzed using a mixed model analysis of variance 

(Proc Mixed-Model, SAS, 2010) in which dye and array were random variables, 

background was a continuous variable and genotype was a fixed variable.  Data were log2 

transformed and then normalized using the Mixed model ANOVA of arrays and dyes x 

array to remove the effects of arrays, dyes and background.  The calculated residual 

values from the analysis were averaged within arrays to account for replicate spots and 

then averaged across microarrays to account for replicate microarrays.  Using the 

calculated residuals, we calculated the main effects of genotypes, environment and 

genotype x environment interactions to acquire the residuals of genotype, environment 

and genotype x environment interactions.  We then calculated fold change by taking 2 

and raising it to the power of the residual.  We analyzed gene expression patterns by 

genes that are significantly expressed with a p-value < 0.05 and fold change < -2 and > 2.  
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We also generated volcano plots by plotting the fold change of all genes on the x-axis 

against the -log10 of the p-value to spread out significantly expressed genes for 

visualization purposes.  

We also annotated significantly expressed genes using on TAIR (The Arabidopsis 

Information Resource) using the Gene Ontology Annotation search engine. From the 

annotated genes list, replicate genes and functions were removed and the whole file was 

analyzed separately according to functional categories: molecular functions, biological 

process and cellular components.  

 

3.0 Results 

3.1 Phenotypic Plasticity Response to Neighbors 

Overall, traits were affected differently in different interaction settings.  However, 

there were significant interaction effects of neighbors on all traits when focal plants were 

grown with neighbors vs. alone (Table 2.1).  Analysis of variance of traits indicated 

significant interaction effect of root barrier x neighbors for all traits except for mean days 

to flower (Table 2.1).  Thus, all focal genotypes were pooled together accordingly: 

genotypes grown with neighbors and root barriers, genotypes grown with neighbors 

without root barriers, genotypes grown alone with root barriers and genotypes grown 

alone without root barriers (Table 2.2).  Regardless of interaction settings, fruit 

production of focal genotypes differed significantly (Table 2.1). However, genotypes 

grown alone produced more fruits, had shorter mean days to flower, larger rosettes and 

more basal and inflorescence branch numbers than genotypes with neighbors (Table 2.2).  
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For genotypes grown alone, addition of root barriers resulted in little observed 

differences between mean values of traits between focal genotypes with and without root 

barriers. In general, all focal genotypes grown with neighbors had lower mean trait values 

compared to plants grown alone.    

3.2 Response to Cold Stratification of Seeds 

Analysis of variance of genotypes grown without neighbors had significant focal 

genotype x treatment interaction for bolting time (Table 2.3).  Analysis of phenotypic 

traits indicated each RIL differed in bolting response to stratification of seeds, similar to 

Rubin and Dorn (n.d.).  RIL 30 bolted early with cold stratification of seeds relative to 

not cold stratified; while RIL 81 exhibited an opposite bolting response (Figure 2.4).  RIL 

43 bolted approximately in the same number of days with or without cold stratification of 

seeds. Remainder of the trait values also differed between genotypes (Table2. 4).  The 

presence of root barriers on the focal plants did not affect other traits except for fruit 

numbers and rosette diameter of RIL 30 without cold stratification of seeds.  Possibly the 

RILs use their roots systems to gauge space availability to determine nutrient availability 

in order to maximize fruit production. However, the ability to sense its surrounding is 

genotype-dependent and is further influenced by cold stratification of seeds. 

3.3 Sensitivity Towards N Genotype 

Genotype of neighboring plants affected the mean days to bolt of focal genotypes 

differently; cold stratification of seeds further influenced the interaction between focal x 

non-focal genotypes (Table 2.5). When analyzing individual RILs grown with neighbors, 

RIL 30 seemed least responsive towards the presence of neighbors where it maintained a 
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similar bolting plasticity as RIL 30 grown alone (Figure 2.5a).  However, the mean 

values of the other traits were higher without cold stratification of seeds when grown with 

neighbors.  As expected, with delayed bolting time, the plant has more time to acquire 

more nutrients to increase the overall plant size and decreased plant size with restricted 

space and nutrient availability. With cold stratification of seeds, the root barrier may be 

protecting the RIL 30 from competing with the neighboring plants since plants without 

root barriers are the smallest in size with lowest fruit production.  Overall, RIL 30 had 

higher fitness when interacting with its own genotype compared to inter-genotypic 

interactions.   

RIL 81 had different bolting plasticity when grown with different neighbors 

compared to when grown alone (Figure 2.5b).  However, there were few differences in 

trait values when comparing the mean trait values of plants grown with neighbors with 

cold stratified seeds to non-stratified, except for fruit production (Table 2.7).  With cold 

stratification of seeds, RIL 81 produced more fruits with root barriers compared to no 

root barriers but all intra- and inter-genotypic interactions had similar fruit production. 

Without cold stratification of seeds, fruit production differed depending upon the 

genotype of the neighbor and whether a root barrier was present or not.  RIL 81 grown 

with another RIL 81 or RIL 43 produced more fruits with root barriers compared to no 

root barriers.  The opposite was observed when RIL 81 was grown with RIL 30; less 

fruits were produced with a root barrier imposed.  In general, RIL without cold stratified 

seeds produced more fruits that cold stratified plants.  This suggests that cold 
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stratification of seeds may have triggered sets of genes that are sensitive towards the 

presence of neighbors but not the genotypes of the neighbors.  

RIL 43 differed in bolting plasticity when grown with neighbors compared to 

when grown alone (Figure 2.5c).  Even though RIL 43 had differing bolt plasticity with 

different neighbors, there were few significant differences between the mean trait values 

when comparing plants cold stratified as seeds to not stratified except for fruit production 

(Table 2.8).  RIL 43 produced more fruits with a root barrier imposed regardless with 

cold stratification of seeds.  Similar to RIL 81, RIL 43 differed in fruit production due to 

the presence of root barriers but not the genotype of the neighbor when seeds were cold 

stratified. Without cold stratification of seeds, fruit production varied dependent upon the 

genotype of the neighbor and whether a root barrier was present or not.  Interesting, RIL 

43 had the lowest fruit production when interacting with RIL 81 when seeds were not 

neighbor genotypes.   

We also conducted a correlation analysis to see if flowering time predicts fruit 

number or rosette diameter. There was no significant correlation between flowering time 

and fruit production (R2 = -0.11, p = 0.0018) or flowing time vs. rosette diameter (R2 = 

0.05, p = 0.1701).  However, there were significant correlations between rosette diameter 

and fruit production (R2 = 0.46, p = <0.0001). 

 On average, genotypes grown with neighbors had lower mean values for all traits 

(except mean days to bolt) compared to genotypes grown without neighbors (Table 2.2).  

The mean rosette diameters of focal genotypes were relatively similar when grown with 
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neighbors. As expected, the number of basal branches produced was significantly 

reduced with the presence of neighbors; while production of inflorescence branches was 

not significantly reduced.  However, presence of root barriers reduced the number of 

inflorescence branches produced by focal genotypes compared to focal genotypes without 

root barriers.   

3.4 Gene Expression of Genotypes G rown A lone 

Statistical analysis of focal genotypes grown alone identified differential gene 

expression patterns between the three RILs.  We detected differing numbers of genes 

significantly differentially expressed (p < 0.05, including up and down regulated genes) 

with fold changes < -2 or >2.  RIL 30 (bolts early with cold stratification of seeds relative 

to no stratification) significantly differentially expressed three genes, RIL 81 (bolts late 

with cold stratification of seeds relative to no stratification) significantly differentially 

expressed 410 genes and RIL 43 (bolted approximately the same time with and without 

cold stratification of seeds) significantly differentially expressed 585 genes.  Volcano 

plots were used to compare the gene expression patterns between RILs (Figure 2.6).  RIL 

30 had the lowest numbers of significantly expressed genes (red spots; down-regulated 

two genes, up-regulated one gene) with cold stratification of seeds. RIL 81 significantly 

expressed genes more genes then RIL 30 with more up-regulated genes (down-regulated 

86, up-regulated 324 genes) with cold stratification of seeds.  RIL 43 had the highest 

number of significantly expressed gene with more down-regulated genes (374 genes 

down-regulated, 211 genes up-regulated) with cold stratification of seeds.  Thus, RIL 43 
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had the greatest number of significantly differentially expressed genes with more genes 

with large fold changes in both directions. 

 

3.5 Gene Expression of Genotypes to Neighbors 

Focal genotypes grown with neighbors had increased numbers of significantly 

differentially expressed genes with and without cold stratification of seeds.  Gene 

expression patterns of focal genotypes also differed between intra- and inter-genotypic 

interactions.  RIL 30, when grown with neighbors, up-regulated more genes than down-

regulated with cold stratification of seeds Table 2.8. Without cold stratification of seeds, 

RIL 30 still up-regulated more genes than down-regulated except when interacting with 

RIL 43.  

When grown with neighbors, RIL 81 up-regulated more genes than down-

regulated with cold stratification of seeds. In addition, RIL 81 had greater numbers of 

differentially expressed genes in inter-genotypic interactions with seed stratification, 

which may be important for maintaining similar bolt dates (Figure 2.5b).  Without cold 

stratification of seeds, RIL 81 up-regulated nearly equal numbers of genes as it down-

regulated in all interaction combination. Having equal numbers of up and down-regulated 

-genotypic neighbors.  

Similar to RIL 81, RIL 43 up-regulated more genes with cold stratification of seeds while 

expressing nearly equal numbers of genes in both directions without cold stratification of 

-regulated genes with 

cold stratification of seeds may increase its sensitivity towards neighbors while equal 
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numbers of expressed genes without seed stratification may reduce sensitivity to 

neighbors. 

3.6 Identification of Neighbor Responsive Genes 

We identified differentially expressed cold sensitive neighbor responsive genes 

for each intra- and inter-genotypic interaction when seeds were cold stratified (Table 2.9).  

With cold stratification of seeds, RIL 30 up-regulated more neighbor responsive genes 

than down-regulated when interacting with RIL 43 or another RIL 30 while down-

regulated more genes than up-regulated when interacting with RIL 81.  RIL 81 overall 

down-regulated more neighbor responsive genes than up regulated with cold stratification 

of seeds. RIL 43 up-regulated more neighbor responsive genes than down-regulated when 

interacting with RIL 30 and RIL 81 but down-regulated more neighbor responsive genes 

when interacting with other RIL 43 with cold stratification of seeds.  

3.7 Functional Categories Comparison to Whole G enome 

Functional categories of significantly differentially expressed genes for RIL 30, 

81 and 43 grown with and without neighbors were identified and compared to functional 

categories of A. thaliana whole genome (TAIR).  We defined any calculated categorical 

ratio that deviates by 2 fold from the categorical ratio of the whole genome to be 

significant.  Initial comparisons of significantly expressed genes for RIL 43 and 81 grown 

without neighbors revealed similar patterns of cellular component, biological process and 

molecular functions (Tables 2.10-2.12).  Patterns of molecular components between 

whole genome and RIL 43 and 81 showed increased percentage of cellular activity in the 
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chloroplast and cytosol (Table 2.10).  Patterns of biological processes indicated some of 

the expressed genes are involved in development process; mainly root elongation and 

seed development (Table 2.11).  Comparisons of cellular functions of the expressed genes 

to the whole genome showed increased percentage of hydrolase activity; which are 

important for cell expansion and degradation of complex sugar molecules (Table 2.12).  

As expected, plants grown alone expressed mainly cold stress genes.  RIL 30 was not 

used for functional categories comparison due to the low numbers of significantly 

expressed genes.  

We then compared functional categories of significantly expressed neighbor 

responsive genes of RIL 30, 43 and 81 and found cellular components, biological process 

and molecular functions to be similar across all intra- and inter-genotypic interactions.  

Comparisons of cellular component of neighbor responsive genes indicated many of the 

neighbor responsive genes were active in the chloroplast, cytosol and nucleus (Table 

2.10).  Patterns of biological processes revealed these expressed neighbor responsive 

genes to be more involved in stress response, cell organization and biogenesis and 

developmental process (Table 2.11).  Analysis of the stress genes found them to be 

expressed in response to cold, light and mechanical stimulus.  Many of the neighbor 

responsive genes involved in cell organization and biogenesis were mainly for cell-wall 

loosening, microtubule polymerization and cytoskeleton organization to control the size 

of the plant cell.  Many of the neighbor response genes involved in development process 

were mainly involved in lateral root development and some shoot development. Last, 

comparisons of molecular functions of expressed neighbor responsive genes to the whole 



44 
 

 

genome showed increased percentage of transporter activity and transcription factor 

activity (Table 2.12).  Increased transcription factor activity would increase protein 

production and increased transporter activity would supply for the demand of ATP by the 

cell since most of the transporter activities involve proton transporters for proton motive 

force and proton antiporters.  

3.8 Functional Category Comparison Between Interactions 

Functional categories of RIL 30, 43 and 81 grown with neighbors were compared to each 

other.  Majority of the ratio of the neighbor responsive genes for cellular component and 

molecular functions were similar but not for biological processes.  RIL 30 (maintained 

bolting plasticity with neighbor interaction) had increased cell organization and 

biogenesis and developmental process when grown intra-genotypically (Table 2.11).  RIL 

30 seemed to be capable of sensing the presence of RIL 43 and 81 (response to stress and 

abiotic/biotic stimulus) but changed its developmental process and cell organization when 

grown with its own genotype.  This suggests that RIL 30 may try to avoid occupying or 

using nutrients from the same space as neighbors of its own genotypes.  RIL 43 grown 

with neighbors (differed in bolting plasticity with cold) had similar ratio of expressed 

genes for cell organization and biogenesis when grown with neighbors. However, when 

grown intra-genotypically, RIL 43 was unable to sense the presence of its neighbor but 

was capable of sensing the presence of RIL 30 and 43.  When grown with RIL81, RIL 43 

had the highest ratio of developmental genes.  As for RIL 81 grown with neighbors (same 

bolting time with cold), little differences in ratios of expressed genes were observed when 
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compared to ratio of whole genome (Table 2.11). Therefore being capable of sensing 

neighbors and increasing root development may be important for maintaining bolting 

plasticity with cold stratification of seeds.  However, the ability to change gene 

expression varies between the three RILs and the genotype of the neighbor. 

 

4.0 Discussion 

Phenotypic plasticity, the ability of an organism to express different phenotypes in 

response to environmental changes (Bradshaw 1965; Schlichting 1986; Sultan 1987), has 

been considered adaptive (Kingsolver 1995; Schmitt et al. 1995; Schmitt et al. 1999).  

However, there are costs for expressing and maintaining plastic traits and costs of 

maintaining (DeWitt et al. 1998; Scheiner 1993, Van Tienderen 1991).  By living and 

working in social groups, animals may reduce costs of plasticity (Hamilton 1964; 

Richards et al. 2003; Waldman 1988).  Plants are known to be plastic organisms 

(Agrawal 2001; Bradshaw 2006, DeWitt and Scheiner 2004; Richards et al. 2006; Sultan 

1987) but only recently have studies demonstrated plants to be capable of kin selection 

(Callaway 2002; Callaway et al. 2003; Callaway and Mahall 2007). In this study, we 

have shown that some A. thaliana genotypes are capable of exhibiting kin selection but 

this ability is cold dependent. Additionally, we demonstrated that that phenotypic 

plasticity is dependent on differentially expressed genes. 

To test if A. thaliana recombinant inbred lines can sense and distinguish their 

- and inter-genotypic interactions. Initially 

we attempted to use flowering time to predict the RILs ability to sense and differentiate 



46 
 

 

between the genotypes of their neighbors. Flowering time has been shown to be highly 

plastic trait that differs between environments and genotypes (Agrawal 2001, DeWitt and 

Scheiner 2004; Nordborg and Bergelson 1999) and predicts fitness (Aarssen and Clauss 

1992; Westerman, 1970; Zhang and Lecowhicz 1994).  However, we found no significant 

correlation between flowering time and fruit production or rosette diameter but there 

were significant correlation between rosette diameter and fruit production.  Since 

flowering time is highly plastic, it can easily be influenced by environmental factors. 

Studies have demonstrated that flowering time can be accelerated by low red/far-red light 

ratio (Bagnall 1992; Cerdan and Chory 2003; Dorn et al. 2000; Smith 1982; Smith and 

Whitlam 1997) and nutrient availability (Koornneef, Hanhart, Van Der Veen 1991; 

Zhang and Lecowhicz 1994).  In a nutrient experiment, Van Tienderen et al. (1996) 

observed accelerated flowering by A. thaliana mutants in low nutrient environments but 

fruit yield did not change. Therefore, some plants flower early with low nutrient 

availability because the available nutrient has to be partitioned between reproductive and 

vegetative growth to ensure enough nutrients are available during reproductive growth 

(Wallace et al. 1993).  

Hence we used rosette diameter and fruit number to predict the ability of the RILs 

to sense their neighbors.  We found that RIL 30, 81 and 43 grown with neighbors 

produced significantly less fruits and had smaller rosette diameter.  When we analyzed 

each RIL grown with neighbors separately, all three RILs demonstrated kin recognition 

where they had higher fitness in intra-genotypic interactions vs. inter-genotypic 

interactions when seeds were not cold stratified.  However, kin recognition was 
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dependent upon the root interactions since neighbor recognition and differentiation are 

mainly below ground root interactions (Dudley and File 2007; Gersani et al. 2001; 

Mahall and Callaway 1991, 1992; Maina et al. 2002).  As expected, plants with neighbors 

would have lower fitness than plants without neighbors due to limited nutrient and space 

availability (Cahill and Casper 2000; Cahill and Lamb 2007; Dudley and File 2007).  By 

having plastic flowering time, plants can increase their overall fitness either by delaying 

or accelerating flowering time. With low nutrient availability, plants accelerate their 

flowering time to ensure they have enough time to produce the desired fruits and have 

enough nutrients to maintain reproductive growth (Van Tienderen et al 1996; Zhang and 

Lecowhicz 1994).  Alternatively, in competitive settings with enough nutrient 

availability, plants can delay their flowering time to ensure they have reached the desired 

size (i.e. acquired desired rosette size and leaf numbers) before they transition to being 

reproductive (Dorn et al. 2000).  However, there are costs (e.g. information gathering) to 

maintaining the ability to be plastic (DeWitt 1998; Relyea 2002; Scheiner 1993; Van 

Tienderen 1991).  If the plasticity trait is improperly expressed or maintained, the overall 

fitness of the plant may decrease.  Therefore, plants capable of exhibiting kin selection 

can indirectly increase their overall fitness by spending less energy in information 

gathering and competition with other plants of its own genotype (Axelrod and Hamilton 

1981; Dudley and File 2007).   

distinguish the genotype of their neighbor but did not eliminate their general ability to 

sense the presence of neighbors.  When we compared the mean trait values of RIL 30, 81 
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and 43 grown without neighbors; we found few significantly different trait values 

between cold stratified vs. non stratified seeds, except for flowering time and fruit 

production.  It is known that cold stratification of seed can influence seed germination 

and flowering time of many plants (Donohue et al. 2005; Nordborg and Bergelson 1999; 

Rubin and Dorn n.d.; Tsuyuzaki and Miyoshi 2009).  However, not much is known about 

the downstream effect(s) cold stratification of seeds would have on development.  

Possibly, RIL 30, 81 and 43 are only capable of exhibiting one plasticity response.  

Therefore, by responding to cold stratification and exhibiting differing flowering time 

plasticity (RIL 43 and 81) or maintaining flowering time plasticity (RIL 30); each of the 

RILs becomes unresponsive towards additional cues.  This leaves each RIL with their 

default response towards the presence of neighbors, which is competition for resources 

no matter the genotype of their neighbor. 

We also conducted a global gene expression study to identify gene expression 

patterns and possible candidate genes that are involved in plasticity response towards 

neighbor interactions.  Since we were limited on the number of microarrays and time, we 

focused out attention on plant interactions without root barriers.  We found that the three 

RILs differentially expressed different sets of genes in response to cold stratification of 

seeds and neighbor genotypes.  While there were significantly differentially expressed 

genes for all interactions (p<0.05; fold change > 2 and < -2), there were genes with 

known functions expressed in all interactions.  When we compared the gene expression 

of RILs grown with neighbors to the gene expression pattern of RILs grown alone, RILs 

grown with neighbors had more numbers of significantly expressed genes with greater 
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fold changes.  This indicated that RILs 30, 81 and 43 were responding to the presence of 

their neighbors and changing gene expression patterns accordingly.  Possibly, these 

expressed genes function together to increase the competitiveness of the plant for 

resource acquisition and are thus termed neighbor responsive genes with respect to cold 

stratification.  

As stated earlier, RIL 30, 81 and 43 are plastic towards their environment but they 

stratification of seeds).  Without cold stratification of seeds, RIL 30 up-regulated more 

genes than down-regulated.  Since RIL 30 bolts later than RIL 43 and 81 without cold 

stratification of seeds, possibly RIL 30 up-regulate more genes than down-regulating to 

ensure it is competitive enough to acquire sufficient resources for fruit production.  In 

addition, by growing in intra-genotypic interactions, RIL 30 is able to reduce the number 

of neighbor responsive genes expressed and redirect its energy towards fruit production.   

Interestingly, RILs 81 and 43 up-regulated and down-regulated nearly equal 

numbers of genes in response to the presence of neighbors but not RIL 30.  Since these 

are recombinant inbred lines, there is a possibility that RILs 81 and 43 have similar 

chromosomal rearrangements that is different from RIL 30.  RIL 30 may have promoter 

sequences that are more specific for regulating neighbor responsive genes; while the 

same sets of promoters in RIL 81 and 43 may regulate expression of other genes besides 

the neighbor responsive genes.  Therefore, up-regulation of the neighbor responsive 

genes would result in down-regulation of the other sets of genes.  Hence RIL 81 and 43 
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have to increase the number of neighbor sensitive genes in order to distinguish the 

genotypes of their neighbors.   

With cold stratification of seeds, RILs 30, 81 and 43 up-regulated more genes 

than down-regulated. Additionally, the numbers of genes expressed were fairly similar 

across all interactions.  Consistent with the phenotypic responses, cold stratification of 

seeds triggered all three RILs to become more responsive towards cold and not towards 

neighbors. Thus we conducted additional analysis to identify genes that were responsive 

towards cold and neighbor. We found significantly differentially expressed genes that 

were considered to be responsive towards cold and neighbors in different interactions.  

No genes were found to be expressed in all interactions.  However analysis of these genes 

identified four cold response genes that were differentially expressed (AT3G16450, 

AT5G20830, AT3G22840, AT1G05200) while the remainder of the differentially 

expressed genes are for fruit and floral development, cell expansion, or else have 

unknown functions.  Overall, we proposed that the RILs 30, 81 and 43 can only be plastic 

towards cold stratification of seeds or genotype recognition in neighbor interaction, but 

not both. Most likely, cold stratification of seeds increases sensitivity to the cold and at 

the same time reduce sensitivity towards other environmental (i.e. neighbor sensitivity) 

the neighbor responsive. 

 

5.0 Conclusions 

Our results show that A. thaliana recombinant inbred lines are capable of kin 

recognition but this ability is influenced by cold stratification of seeds. Even though cold 
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stratification of seeds is used by many plants as a cue to beak dormancy and/or accelerate 

or delay flowering, it can also be an environmental stressor at the same time.  Since A. 

thaliana RILs are capable of exhibiting one plasticity response at a time, it can only 

respond to the stress of cold and not the stress of neighbors later in development. We also 

conducted a whole genome expression study and found that gene expression patterns 

differed between the different interactions.  The overall gene expression pattern reflected 

the plasticity response of RILs 30, 81 and 43 to presence of neighbors and cold 

stratification to seeds.  There were candidate cold response genes that were identified to 

be responsive to cold stratification of seeds but the results are not conclusive since the 

gene expression study was limited to plant interactions with full root interactions only. 

Therefore, additional gene expression studies are needed to determine underlying basis of 

governing phenotypic plasticity in response to cold stratification of seeds and neighbor 

interaction.  
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Figure 2.1: Neighbor interaction settings.  Focal plant of interest is in the center, 
surrounded by non-focal plants.  Interaction A: focal plants are allowed full root/shoot 
interaction with non-focal plants.  Interaction B: focal plants have root barriers imposed 
to restrict root interaction with non-focal plants.  Interaction C: focal plants are grown 
alone with no root barriers. Interaction D: focal plants are grown alone with root barriers 
imposed.  
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Figure 2.2: Neighbor interaction planting design.  RIL 30, 81, and 43 were planted in all 
possible combination. There were nine different possible neighbor interactions with three 
non-interactions.  Each dot represents a plant and numbers in the dots represents each 
RIL. Grey dots are focal plants of interests and white dots are non-focal plants. ALL dots 
are 2cm apart. 
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Figure 2.3: Microarray loop design of sample combination. Line represents a microarray 
with 2 hybridized samples labeled with Cy5 and Cy3 flourophores. A): Analysis of gene 
expression in response to neighbor interaction with and without cold stratification of 
seeds. Focal plant (F) interacting with non-focal plant (NF).  B): Loop design of RILs 
grown without neighbors with cold stratification of seeds (C) and not cold stratified (NC). 

A 

B 
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Figure 2.4: Bolting plasticity of RILs with cold stratification of seeds (Cold) vs. not cold 
stratified (No-Cold).  RIL 30 (blue circle) bolted earlier with cold stratification of seeds 
compared to not cold stratified.  RIL 81 (red square) bolted later with cold stratification 
of seeds compared to not cold stratified.   RIL 43 (green triangle) bolted approximately in 
the same number of days with and without cold stratification of seeds. 
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Figure 2.5: Bolting plasticity of 
RILs grown intra-genotypically 
and inter-genotypically.  A) RIL 
30 maintained bolting plasticity 
to cold stratification of seeds 
(Cold) vs. not cold stratified 
(No-Cold) regardless of 
neighbor genotype.  B)  RIL 81 
differed in bolting plasticity 
when grown with neighbors.  
Delayed bolting when grown 
inter-genotypically without cold 
stratification of seeds but 
maintained bolting time with 
cold stratification of seeds.  C) 
RIL 43 differed in bolting 
plasticity when grown with 
neighbors. Maintained bolting 
time without cold stratification 
of seeds but differed in bolt 
dates when with cold 
stratification of seeds. 

A 

B 

C 
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Figure 2.6: Volcano plots of gene expression patterns of RIL 30, 81, and 43 grown without neighbors. Gene expression or fold 
change (Cold- No Cold) is plotted on x-axis against the log10 (p-value) on y-axis. Negative fold changes indicate magnitude of 
decreased gene expression, while positive values indicate increased gene expression.  Red dots are genes that significantly (p-
value < 0.05) increased or decreased fold change < -2 or > 2, blue dots are the significant genes with fold change < 2 and >-2.  
A) RIL 30 significantly expressed 3 genes, 2 down-regulated and 1 up-regulated. B) RIL 81 up-regulated more genes with 
greater fold change than down-regulated.  C) RIL 43 down-regulated more genes with greater fold changes than up-regulating.   

A B C 
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Table 2.1:  Four-way ANOVA testing the effect of root barriers (RB), neighbors vs. alone (Nei), cold treated vs. no cold treated seeds (Trt), 
focal plant (Foc),  and their interaction on bolting time, fruit production, rosette diameter, and basal and inflorescence branches number.  Four-
way interaction was left out, only fruit production was significant (p < 0.0001). 

  
Flowering Time  Fruit Production  Rosette Diameter  Basal Branches  

Inflorescence 
Branches 

Trait d.f. F P   F P   F P   F P   F P 
RB 1 0.02 0.8938  33.96 < 0.0001  0.72 0.3977  14.48 0.0002  20.23 < 0.0001 
Nei 1 63.79 < 0.0001  5892.22 < 0.0001  123.02 < 0.0001  2495.15 < 0.0001  91.66 < 0.0001 
Trt 1 6.46 0.0112  11.75 0.0006  85.77 < 0.0001  14.01 0.0002  45.76 < 0.0001 
Foc 2 119.05 < 0.0001  189.23 < 0.0001  65.66 < 0.0001  28.65 < 0.0001  23.70 < 0.0001 
RB:Nei 1 0.11 0.7446  4.28 0.0390  9.31 0.0024  2.82 0.0933  13.93 0.0002 
RB:Trt 1 0.83 0.3616  0.30 0.5815  16.45 < 0.0001  0.43 0.5115  1.05 0.3067 
Nei:Trt 1 5.19 0.0230  141.23 < 0.0001  18.44 < 0.0001  78.65 < 0.0001  38.63 < 0.0001 
RB:Foc 2 0.79 0.4551  2.92 0.0544  3.13 0.0443  22.78 < 0.0001  1.06 0.3473 
Nei:Foc 2 21.74 < 0.0001  141.15 0.0000  0.84 0.4336  31.34 < 0.0001  15.66 < 0.0001 
Trt:Foc 2 64.83 < 0.0001  5.80 0.0032  64.04 < 0.0001  2.69 0.0687  1.23 0.2921 
RB:Nei:Trt 1 0.03 0.8667  98.29 < 0.0001  7.27 0.0072  8.23 0.0042  18.81 < 0.0001 
RB:Nei:Foc 2 0.67 0.5123  23.53 < 0.0001  1.92 0.1477  26.37 < 0.0001  2.70 0.0679 
RB:Trt:Foc 2 0.35 0.7082  12.99 < 0.0001  14.06 < 0.0001  0.12 0.8869  4.47 0.0118 
Nei:Trt:Foc 2 11.77 < 0.0001   16.65 < 0.0001   0.97 0.3802   2.18 0.1136   1.47 0.2304 
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Table 2.2: Mean values bolting date (BT), fruit production (Frt), 
inflorescence branch (IBr), basal branch (BBr), and rosette diameter 
(RD) over all interactions, environments, and genotypes.  LS means 
and standard deviations are shown (N=108) 

 Alone  Neighbor 
Trait Barrier No Barrier  Barrier No Barrier 
BT 25.69 25.61  27.71 27.86 
 ±0.402 ±0.347  ±0.318 ±0.282 
Frt 225.75 217.315  82.52 67.17 
 ±3.500 ±3.030  ±2.770 ±2.450 
IBr 3.7 3.67  2.45 3.11 
 ±0.119 ±0.104  ±0.094 ±0.083 
BBr 3.80 4.20  0.00 0.00 
 ±0.110 ±0.095  ±0.000 ±0.000 
RD 6.18 6.41  5.41 5.11 
 ±0.205 ±0.178   ±0.113 ±0.144 
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Table 2.3: Three-way ANOVA of traits when plants are grown alone; testing effects of root barrier (RB), cold treated vs. 
not treated (Trt),focal plant (Foc) and their interaction of flowering time, fruit production, rosette diameter, and basal and 
inflorescence branch numbers. 

  Flowering Time  Fruits  
Rosette 

Diameter  Basal Branches  
Inflorescence 

Branches 
Traits d.f. F P  F P  F P  F P  F P 

RB 1 0.048 0.8255  7.81 0.0055  2 0.1579  4.62 0.0323  0.03 0.8628 
Trt 1 0.031 0.8585  57.56 < 0.000  67.34 < 0.000  38.9 < 0.000  51.32 < 0.000 
Foc 2 145.25 < 0.000  286.81 < 0.000  27.22 < 0.000  25.19 < 0.000  24.62 < 0.000 
RBxTrt 1 1.38 0.2397  52.82 < 0.000  0.04 0.8456  1.32 0.2498  10.72 0.0012 
RBxFoc 2 2.02 0.1345  24 < 0.000  3.55 0.0297  21.48 < 0.000  2.1 0.1242 
TrtxFoc 2 49.79 < 0.000  7.04 0.0010  23.66 < 0.000  1.66 0.1904  1.42 0.2435 
RBxTrtxFoc 2 0.44 0.6423   7.06 0.0010   2.25 0.1063   0.95 0.3844   2.24 0.1078 
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Table 2.4: Least squares mean of bolting time (BT), rosette diameter (RD), inflorescence branches (IBr), basal branches (BBr) of focal 
plants grown alone.  LS means and standard deviation shown (N=24) 

 Genotype 30  Genotype 81  Genotype 43 
  Cold Treated  No Cold Treated  Cold Treated  No Cold Treated  Cold Treated  No Cold Treated 

Trait Barrier 
No 

Barrier   Barrier 
No 

Barrier   Barrier 
No 

Barrier   Barrier 
No 

Barrier   Barrier 
No 

Barrier   Barrier 
No 

Barrier 

FT 27.77 27.16  32.91 32.55  28.50 28.46  23.93 23.67  19.97 21.26  22.63 22.22 
 ±0.475 ±0.441  ±0.950 ±0.950  ±0.704 ±0.532  ±0.842 ±0.687  ±0.566 ±0.532  ±1.115 ±0.743 
RD 6.05 6.38  8.97 10.60  5.39 6.11  6.61 6.76  5.64 5.34  6.49 6.21 
 ±0.209 ±0.195  ±0.419 ±0.420  ±0.311 ±0.235  ±0.372 ±0.303  ±0.250 ±0.235  ±0.492 ±0.328 
IBr 3.41 4.08  6.00 5.73  3.25 3.51  5.79 3.95  2.61 2.34  2.34 3.88 
 ±0.227 ±0.211  ±0.453 ±0.453  ±0.336 ±0.254  ±0.402 ±0.328  ±0.270 ±0.265  ±0.266 ±0.532 
BBr 3.93 5.78  3.64 4.36  3.95 4.60  3.00 3.95  4.23 3.09  2.75 1.33 
 ±0.239 ±0.222  ±0.479 ±0.479  ±0.356 ±0.269  ±0.425 ±0.347  ±0.285 ±0.269  ±0.563 ±0.375 
Frt 258.64 247.29  251.55 214.09  264.35 250.54  244.86 194.19  145.65 191.26  189.88 147.39 
 ±3.891 ±3.615   ±7.783 ±7.783   ±5.722 ±4.636   ±6.899 ±5.633   ±4.635 ±4.363   ±9.126 ±6.085 
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Table 2.5: Three-way ANOVA of traits when focal genotypes were grown with neighbors; testing the effect of root barrier (RB), cold/no cold 
treatment (Trt), focal plant (Foc), non-focal plant (NF) and their interaction on bolting time, fruit production, rosette size, and basal and 
inflorescence number. 

  Bolting Time  Fruits  Rosette Diameter  Basal Branch  
Inflorescence 

Branches 
Traits d.f F P   F P   F P   F P   F P 

RB 1 0.26 0.6094  98.24 < 0.0001  6.81 0.0094  15.59 0.0001  54.57 < 0.0001 
Trt 1 14.92 < 0.0001  339.41 < 0.0001  27.88 < 0.0001  41.99 < 0.0001  4.57 0.0332 
Foc 2 42.73 < 0.0001  135.58 < 0.0001  42.94 < 0.0001  6.18 0.0023  3.54 0.0298 
NF 2 51.41 < 0.0001  134.08 < 0.0001  4.74 0.0092  14.30 < 0.0001  1.56 0.2109 
RBxTrt 1 0.13 0.7173  38.45 < 0.0001  30.70 0.0000  44.56 < 0.0001  6.15 0.0135 
RBxFoc 2 0.47 0.6248  7.43 0.0007  1.39 0.2491  1.67 0.1896  0.64 0.5262 
TrtxFoc 2 52.50 < 0.0001  141.02 < 0.0001  39.43 < 0.0001  3.40 0.0344  0.36 0.6985 
RBxNF 2 0.42 0.6546  23.25 < 0.0001  1.09 0.3361  3.97 0.0196  2.17 0.1150 
TrtxNF 2 2.70 0.0687  99.36 < 0.0001  3.73 0.0248  14.69 < 0.0001  2.83 0.0604 
FocxNF 4 22.56 < 0.0001  5.40 0.0048  0.50 0.7385  1.33 0.2585  0.31 0.8706 
RBxTrtxFoc 2 0.58 0.5609  34.54 < 0.0001  14.56 < 0.0001  4.14 0.0166  3.33 0.0367 
RBxTrtxNF 2 0.02 0.9808  27.98 < 0.0001  1.95 0.1433  16.85 < 0.0001  8.27 0.0003 
RBxFocxNF 4 0.30 0.8780  10.07 < 0.0001  1.84 0.1202  1.25 0.2904  1.93 0.1045 
TrtxFocxNF 4 18.49 < 0.0001   81.33 < 0.0001   0.39 0.8151   1.97 0.0978   2.48 0.0431 
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Table 2.6: LS means of bolt time (BT), rosette diameter (RD), inflorescence branches (IBr), basal branches (BBr), fruit number (Frt) 
of genotype 30 grown intra- and inter-genotypically. LS means and standard deviation are shown (N=6). 
 Focal Genotype = 30,  Focal Genotype = 30,  Focal Genotype = 30, 
  Non Focal Genotype = 30   Non Focal Genotype = 43   Non Focal Genotype = 81 
 Cold Treated  No Cold Treated  Cold Treated  No Cold Treated  Cold Treated  No Cold Treated 

Trait Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier 

BT 26.38 27.24  30.50 30.40  28.94 28.76  32.67 33.43  28.42 28.47  32.00 32.86 

 ±0.782 ±0.683  ±1.277 ±0.989  ±0.759 ±0.683  ±1.277 ±1.183  ±0.718 ±0.759  ±1.565 ±1.183 

RD 5.99 4.90  6.17 9.94  5.83 4.74  6.15 8.50  5.93 4.79  6.73 7.13 

 ±0.621 ±0.542  ±1.015 ±0.786  ±0.603 ±0.543  ±1.015 ±0.939  ±0.281 ±0.297  ±1.243 ±0.939 

IBr 2.81 2.95  2.17 4.50  2.71 2.81  2.67 3.29  2.68 3.41  2.25 3.00 

 ±0.239 ±0.208  ±0.167 ±0.500  ±0.231 ±0.208  ±0.487 ±0.386  ±0.219 ±0.231  ±0.478 ±0.361 

BBr 0.00 0.00  0.00 1.60  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 

 ±0.000 ±0.000  ±0.000 ±0.130  ±0.000 ±0.000  ±0.000 ±0.000  ±0.000 ±0.000  ±0.000 ±0.000 

Frt 133.00 62.00  110.17 197.60  77.77 57.10  79.33 89.14  82.47 62.24  91.75 83.86 

 ±3.724 ±3.250   ±6.080 ±4.709   ±3.612 ±3.250   ±6.080 ±5.629   ±3.416 ±3.612   ±7.445 ±5.629 
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Table 2.7: LS means of bolt time (BT), rosette diameter (RD), inflorescence branches (IBr), basal branches (BBr), fruit number (Frt) 
of genotype 81 grown intra- and inter-genotypically.  LS means and standard deviation are shown (N=6). 
 Focal Genotype = 81,   Focal Genotype = 81,   Focal Genotype = 81,  
 Non Focal Genotype =  81  Non Focal Genotype =  43  Non Focal Genotype =  30 
 Cold Treated  No Cold Treated  Cold Treated  No Cold Treated  Cold Treated  No Cold Treated 

Trait Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier 

BT 30.24 29.52  24.00 23.00  30.27 30.61  28.80 28.40  27.88 28.21  28.00 28.00 

 ±0.759 ±0.652  ±1.183 ±0.903  ±0.943 ±0.737  ±0.989 ±0.989  ±0.782 ±0.836  ±1.183 ±0.903 

RD 4.94 4.64  4.47 4.95  5.33 4.24  5.24 4.78  5.46 4.63  5.44 5.51 

 ±0.603 ±0.518  ±0.939 ±0.717  ±0.749 ±0.586  ±0.786 ±0.786  ±0.612 ±0.665  ±0.939 ±0.717 

IBr 2.35 2.87  3.14 2.83  2.36 3.33  2.30 2.80  1.88 3.00  2.43 4.17 

 ±0.231 ±0.255  ±0.199 ±0.217  ±0.288 ±0.225  ±0.302 ±0.302  ±0.231 ±0.199  ±0.361 ±0.275 

BBr 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 1.00 

 ±0.000 ±0.000  ±0.000 ±0.000  ±0.000 ±0.000  ±0.000 ±0.000  ±0.000 ±0.000  ±0.000 ±0.188 

Frt 69.12 48.61  84.43 155.67  51.91 47.61  86.10 58.10  61.75 43.71  95.29 47.42 

 ±3.612 ±3.106   ±5.629 ±4.299   ±4.490 ±3.510   ±4.700 ±4.700   ±3.723 ±3.981   ±5.629 ±4.299 
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Table 2.8: LS means of bolt time (BT), rosette diameter (RD), inflorescence branches (IBr), basal branches (BBr), fruit number (Frt) 
of genotype 43 grown intra- and inter-genotypically.  LS means and standard deviation are shown (N=6). 
 Focal Genotype = 43,   Focal Genotype = 43,   Focal Genotype = 43, 
 Non Focal Genotype =  43  Non Focal Genotype =  81   Non Focal Genotype =  30 
 Cold Treated  No Cold Treated  Cold Treated  No Cold Treated  Cold Treated  No Cold Treated 

Trait Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier   Barrier  
No 

Barrier 

BT 31.75 31.78  23.57 24.67  20.93 21.11  22.14 23.09  27.75 28.00  23.14 24.25 

 ±0.782 ±0.652  ±1.183 ±0.903  ±0.808 ±0.718  ±1.183 ±0.943  ±0.782 ±0.808  ±1.183 ±1.106 

RD 5.38 4.74  4.49 5.17  5.09 4.63  4.84 3.96  5.06 4.88  5.01 4.98 

 ±0.306 ±0.256  ±0.464 ±0.354  ±0.642 ±0.570  ±0.939 ±0.749  ±0.306 ±0.317  ±0.306 ±0.434 

IBr 2.25 2.87  2.29 3.08  2.27 2.79  2.43 3.09  2.88 2.80  1.86 3.63 

 ±0.239 ±0.199  ±0.316 ±0.275  ±0.246 ±0.219  ±0.361 ±0.288  ±0.239 ±0.246  ±0.361 ±0.337 

BBr 0.00 0.00  0.00 0.00  0.13 0.00  0.00 0.00  0.13 0.00  0.00 0.75 

 ±0.000 ±0.000  ±0.000 ±0.000  ±0.106 ±0.000  ±0.000 ±0.000  ±0.102 ±0.000  ±0.000 ±0.146 

Frt 76.63 46.96  82.86 92.42  80.53 51.37  69.29 46.73  89.63 54.93  75.43 76.50 

 ±3.724 ±3.106   ±5.629 ±4.300   ±3.846 ±3.417   ±5.629 ±4.491   ±3.724 ±3.846   ±5.629 ±5.266 
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Table 2.9: General neighbor response genes regardless of exposure to cold. Number of genes with a 
significant (p < .05) fold change > +2 or <-2 in response to presence of a neighbor and its genotype 
(interaction) with and without cold stratification of seeds.  

  Cold Treatment No Cold Treatment 
Interaction combination up-regulated down-regulated up-regulated down-regulated 
F30xNF30-F30 547 19 675 36 
F30xNF43-F30 564 22 917 1282 
F30xNF81-F30 138 29 1178 44 
F43xNF30-F43 289 25 652 958 
F43xNF81-F43 426 33 1993 1927 
F43xNF43-F43 327 47 1760 1225 
F81xNF30-F81 669 541 1005 1001 
F81xNF43-F81 1287 251 1508 1227 
F81xNF81-F81 274 78 2625 2671 
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Table 2.10: Cold and neighbor responsive genes in intra- and inter-genotypic 
interactions  that are also changing gene expression by cold treatment (Cold - No 
Cold) 
Interaction combination up-regulated in Cold down-regulated in Cold 
F30xNF30-F30 65 28 
F30xNF43-F30 5 55 
F30xNF81-F30 53 48 
F43xNF30-F43 39 28 
F43xNF81-F43 49 19 
F43xNF43-F43 3 45 
F81xNF30-F81 38 104 
F81xNF43-F81 52 47 
F81xNF81-F81 9 18 
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Table 2.11:  Comparisons cellular component to whole genome using expressed genes using significantly expressed cold and neighbor responsive genes from Table 
2.10, interaction  no interaction. F30xNF30  F30 (F30xNF30), F30xNF43- F 30 (F30xNF43),  F30xNF81- F30 (F30xNF81),  F43xNF30  F43 (F43xNF30),  
F43xNF81- F43 (F43xNF81),  F43xNF43- F43 (F43xNF43),  F81xNF43- F81 (F81xNF43),  F81xNF30- F81 (F81xNF30),  F81xNF81- F81 (F81xNF81). 
  F30xNF30 F30xNF43 F30xNF81 F43xNF30 F43xNF81 F43xNF43 F81xNF30 F81xNF43 F81xNF81 
Cellular component Whole 

genome % Gene % Gene % Gene % Gene % Gene % Gene % Gene % Gene % Gene % 
Cell Wall 1.30 2.94 2.74 N.V. N.V. 2.13 N.V. 2.91 7.58 N.V. 
Chloroplast 7.29 17.65 10.96 7.50 9.52 12.77 13.79 14.56 12.12 7.69 
Cytosol 1.77 5.88 4.11 5.00 9.52 10.64 10.34 5.83 9.09 N.V. 
Endoplasmic reticulum 0.88 1.47 N.V. N.V. N.V. N.V. N.V. N.V. 3.03 7.69 
Extracellular 1.03 4.41 1.37 2.50 4.76 4.26 6.90 N.V 3.03 N.V. 
Golgi apparatus 0.54 N.V. N.V. N.V. N.V. N.V. N.V. 1.94 1.52 15.38 
Mitochondria 2.62 4.41 2.74 5.00 4.76 N.V. 3.45 5.83 3.03 N.V. 
Nucleus 6.10 10.29 6.85 5.00 9.52 12.77 6.90 10.68 7.58 15.38 
Plasma membrane 4.82 1.47 4.11 10.00 4.76 4.26 6.90 1.94 4.55 N.V. 
Plastid 2.56 N.V. N.V. N.V. N.V. N.V. N.V. N.V. 1.52 7.69 
Ribosome 1.11 2.94 1.37 2.50 N.V. N.V. N.V. N.V. N.V. N.V. 
Other cellular components 9.43 5.88 10.96 10.00 9.52 8.51 6.90 8.74 12.12 N.V. 
Other cytoplasmic 
components 7.28 2.94 5.48 N.V. N.V. 2.13 0.00 0.97 1.52 N.V. 
Other intracellular 
components 9.62 1.47 5.48 N.V. N.V. N.V. N.V. 2.91 N.V. 7.69 
Other membranes 7.57 2.94 12.33 12.50 11.90 6.38 N.V. 6.80 7.58 N.V. 
Unknown cellular components 36.06 35.29 31.51 40.00 35.71 36.17 44.83 35.92 25.76 38.46 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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Table 2.12:  Comparisons biological process to whole genome using expressed genes using significantly expressed cold and neighbor responsive genes from 
Table 2.10. 
    F30xNF30 F30xNF43 F30xNF81 F43xNF30 F43xNF81 F43xNF43 F81xNF30 F81xNF43 F81xNF81 

Biological process 
Whole 

genome % Gene % Gene % Gene % Gene % Gene % Gene % Gene % Gene % Gene % 
DNA or RNA 
metabolism 0.66 1.19 1.16 1.82 1.72 1.67 2.33 0.76 N.V. N.V. 
Cell organization and 
biogenesis 2.52 9.52 3.49 3.64 5.17 5.00 6.98 1.52 2.38 N.V. 
Developmental 
process 3.75 8.33 2.33 3.64 5.17 8.33 4.65 6.06 4.76 N.V. 
Electron transport or 
energy pathway 0.59 1.19 1.16 N.V. 1.72 1.67 2.33 N.V. N.V. N.V. 
Protein metabolism 7.38 10.71 8.14 9.09 6.90 8.33 6.98 6.06 15.48 7.69 
Response to abiotic or 
biotic stimulus 3.49 4.76 5.81 1.82 3.45 1.67 N.V. 4.55 2.38 N.V. 
Response to stress 3.76 1.19 5.81 5.45 5.17 6.67 2.33 1.52 3.57 N.V. 
Signal transduction 1.35 N.V. N.V. N.V. 1.72 3.33 N.V. 1.52 2.38 3.85 
Transcription 3.20 N.V. N.V. N.V. N.V. N.V. N.V. N.V. N.V. N.V. 
Transport 3.33 3.57 5.81 9.09 5.17 1.67 2.33 3.79 4.76 3.85 
Other biological 
processes 3.58 N.V. 2.33 1.82 1.72 1.67 2.33 4.55 3.57 3.85 
Other cellular 
processes 18.97 16.67 17.44 14.55 15.52 13.33 20.93 27.27 26.19 23.08 
Other metabolic 
processes 17.60 5.95 9.30 7.27 12.07 3.33 13.95 4.55 8.33 19.23 
Unknown biological 
processes 29.82 32.14 37.21 41.82 34.48 43.33 34.88 37.88 26.19 38.46 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
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Table 2.13:  Comparisons molecular function to whole genome using expressed genes using significantly expressed cold and neighbor responsive genes from Table 
2.10. 
  F30xNF30 F30xNF43 F30xNF81 F43xNF30 F43xNF81 F43xNF43 F81xNF30 F81xNF43 F81xNF81 

Molecular function 
Whole 

genome % Gene % Gene % Gene % Gene % Gene % Gene % Gene % Gene % Gene % 

DNA or RNA binding 6.22 6.17 6.98 5.45 5.08 4.84 4.76 8.20 3.41 N.V. 

Nucleic acid binding 3.67 1.23 2.33 N.V. N.V. N.V. N.V. 1.64 N.V. N.V. 

Tranferase activity 5.63 2.47 4.65 3.64 1.69 3.23 4.76 9.02 4.55 3.85 

Nucleotide binding 4.97 6.17 9.30 7.27 3.39 4.84 2.38 2.46 3.41 3.85 

Hydrolase activity 5.67 7.41 6.98 5.45 5.08 4.84 4.76 9.84 6.82 15.38 

Kinase activity 3.07 4.94 4.65 3.64 1.69 3.23 2.38 4.92 7.95 3.85 

Protein binding 6.10 7.41 5.81 1.82 3.39 4.84 2.38 1.64 3.41 3.85 

Transporter activity 2.85 6.17 6.98 9.09 6.78 4.84 7.14 5.74 4.55 3.85 

Transcription factor activity 3.85 7.41 4.65 5.45 6.78 4.84 7.14 2.46 5.68 15.38 

Receptor binding or activity 0.53 N.V. 1.16 N.V. 1.69 N.V. N.V. 0.82 1.14 N.V. 

Structural molecule activity 1.23 2.47 1.16 1.82 3.39 4.84 2.38 1.64 4.55 N.V. 

Other enzyme activity 7.67 4.94 6.98 9.09 16.95 4.84 16.67 3.28 13.64 3.85 

Other binding 10.35 8.64 5.81 1.82 6.78 6.45 N.V. 12.30 10.23 3.85 

Other molecular functions 3.34 1.23 N.V. N.V. N.V. N.V. N.V. 2.46 2.27 N.V. 
Unknown molecular 
functions 34.84 33.33 32.56 45.45 37.29 46.77 42.86 33.61 28.41 42.31 

Total 100.00 100.00 100.00 100.00 100.00 100.00 97.62 100.00 100.00 100.00 
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