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ABSTRACT 

The role ofgenornic cytosine methylation in the ngulation of irradiance mediated shade 

avoidance stem elongation plasticity in 2 ecotypes, 4 genotypes, of genetically related Steffma 

longipes was investigated via HPLC. Ramets of S. longips were grown under high and low 

rdfa r  red (R/Fr) tight ratios (3.70, 1.90 and 0.70). Stem elongation and methylated cytosine 

contents were measured over a period of 7 days. Ramets of S. longjxs demonstrated the 

highest level of demethylation after 4 days of long day warm (WW) treatment, which coincides 

with the first day of rapid stem elongation initiation. The extent of demethylation associated 

with day 4 of LDW depended upon the relative ratio of R/Fr light. In particular, those ramets 

treated with low RIFr ratios showed a lower level of metbyiation, and were taller than their high 

R/Fr counterparts. In addition, prairie ecotype ramets demonstrated lower day 4 LDW 

methylation, and greater day 8 shade avoidance stem elongation, associated with lower R/Fr 

ratios in comparison to their high R/Fr grown counterparts, and the alpine ecotypes under 

similar growth conditions. Furthermore, chemically mediated demethylation with 5-AzaC has 

demonstrated that dernwation stimulates stem elongation in both alpine and prairie ecotypes 

of S. longjws. In addition, prairie ecotypes require greater dosages of 5-AzaC, thus lower 

methylation levels, than alpine ecotypes do in order to promote maximal stem elongation. 

Furthermore, prairie ecotypes respond to low photosynthetically active radiation (PAR) shade 

by stem elongation without changing methylation levels, while alpine ecotypes need lower 

methylation values to promote maximal elongation under low PAR conditions. These 

observations together suggest that DNA methylation is involved in the shade avoidance 

response of S. longrps. 

It has been suggested that methylation is utilized as a cell memory system in organisms 

with rapid cell turn over rates (Regev et al., 1998)- Work with polyploids of S. longipes 

suggests that in plant systems, in addition to the cell memory theory, methylation is used to 

silence multiple chromosome numbers and gene copies. In particular, diploids show lower day 

0 and 4 LDW methylation values than tetraploides, which in turn are lower than octaploids. 

..- 
m 
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Chapter I : Introduction 

It is accepted that up to 40% of all cytosine residues, found in genomic DNA CpG 

dinucleotides, are methylated at the carbon five position of the pyrimidine ring (m%) in plant 

systems, while in animal systems it ranges from 4 to 60% (Bum et aJ, 1993; Gruenbaum et al, 

1 98 1 ; H a e  1995; Klaas et al, 1989; Messeguer et al., 199 1 ; Palmgren et al., 1 990; Sano et al, 

1 990). In plants, the cytosine residue of the CNG motifs (N = any base) may also be 

methylated (Gnrenbaum et al, 198 1 ; and Klaas et al, 1989). In addition, it is reported that the 

genomic methylation patterns, as studied in animal systems, are propagated by the activity of 

methyltransferase enzymes that prefer to follow a hemimethylated double stranded sequence 

as a methylation template in vitm (Gruenbaum et al, 1982). This observation is consistent with 

the proposed rnodei for methylation inheritance whereby methyIation occurs on nascent DNA 

almost immediately after repair or replication. Furthermore, the methylation process requires 

the presence of symmetrical cytosine residues on both strands of DNA This symmetry is 

provided by the CpG dinucleotida in both animal and plant systems (Gruenbaum et al, 1982). 

As a result, methylation patterns are maintained with a high degree of fidelity through each 

cycle of DNA replication, and are transm&ed to both daughter cells resulting tiom mitotic cell 

division. However, as higher plants also demonstrate methylation at CNG residues, there must 

also be a CNG-plant specific methylation enzyme in addition to the CpG methyltransferase. 

Perhaps the most significant biological implication of genomic DNA rn&ylation is that 

it is involved in gene mgukion (Boyes and Bird, 1991 ). Bestor (1 990), Holliday (1990), Hunt 

(1995), and Regev et al. (1998) suggest that fungi, protists, and even some prokaryotes show 
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developmental changes that point to the general involvement of DNA methylation in the control 

and regulation of  gene activity. Furthermore, studies with methylation sensitive restriction 

enzymes show that many of the genes found in cell lines o r  tissues which are differentiated, not 

rapidly growing, and demonstrating low transcriptional activity, t o  be highly methylated in 

comparison to  those cell lines and tissues with the opposite characteristics (Boyes and Bird, 

1 99 1 ; Klaas et aL, 1989; and Regev et al, 1998). Other studies repoc that demethylation of 

genomic DNA results in activation of silent genes in all living systems, as well as reactivation 

of inactive X chromosomes in mammalian systems (Jones, 1985; and Juttermann et al, 1994). 

More recent studies by Ronernus et a1 (1 9%), Munksgaard et a1 (1 995), Galaud et a1 (1 993% 

b), Meyer et a1 ( 1992), Razin and Cedar (1 99 1 ), and Razin and Szyf (1 984) report that 

demethylation of the genome is sufficient to  maintain developmental pleiotropy, and induce 

totipotency in somatic cells. These obsewations suggest that perhaps cytosine methylation is 

an important factor in gene silencing and cell Mefentiation- Thus there seems to be a 

correlation between elevated cytosine methylation and transcriptional quiescence, thus 

confirming a role for cytosine methylation in the maintenance of gene silencing and 

transcriptional inactivity (Kakutani et al, 1996). As a result, the DNA methylation phenomenon 

has been identified as an important post-replicative modification (Cai and Chinnappa, 1999). 

Work by Boyes and Bud (1991) and Bun et ai. (1993) suggests that a lack of  

transcriptional activity, and subsequent gene expression and physiological changes, is 

associated with methylation of  cytosine residues within the promoter region of genes. It is 

proposed that DNA-binding proteins, including transcriptional factors, may be sensitive t o  the 

presence of methylated cytosine residues in 5' upstream regions, thus effectively turning the 
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expression of genes with methylated promoter regions off either d i r d y  or  indirectly. The 

direct model presumes that essential transcription factors may identify a 5' promoter sequence 

methyl-CpG residue as a mutation in their binding site, thus do  not bind and initiate 

transcription of the associated gene. The indirect model, on the other hand, suggests that 

methylated DNA is bound by nuclear protein(s), which secondarily inhibit(s) transcriptional 

factors fiom interacting with a methylated gene by steric hinderance of thc kctor binding, or  

by altering the chromatin structure (Keshet et al., 1986; and Sanae et ui., 1989). There is only 

minimal evidence in support of the direct theory. 

In support of the direct model, Iguchi-Ariga and Schaffirer (1989) report that the cyclic 

AMP responsive element (CRE; 5'-TGACGTCA) binding protein is one of the main 

transcriptional factors that is directly sensitive to DNA methylation. In this work, it is 

demonstrated that methylation inhibits binding of the CRE binding protein from nuclear 

extmcts, and subsequent transcriptional expression, both in vivo and in vitro. Work by Boyes 

and Bird ( 1  991), and Meehan et d. (1989), on the other hand, suggests that DNA methylation 

in hi bi t s transcription indirectly via an interaction with a methyl-CpG binding protein, like 

MeCP- 1 which was detected in extracts fiom mouse cells. In these studies, in vitro bandshift 

experiments with MeCP-1 type proteins demonstrated that these molecules only bind 

met hylated oligonucleotides (Boyes and Bird, 1 99 1 ; and Meehan et a!. , 1989). Furthermore, 

in vino studies with difmkent methylated constructs of the human a-globii gene demonstrated 

that greater and distinctive MeCP- I binding -ties exist with higher methylated constructs 

(Boyes and Bird, 1991). This higher MeCP-1 f i t y  correlated exactly with an i n c d  level 

of transcriptional repression of the higher methylated constructs upon transient transfection in 
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vbv (l3oyes and Bird, 199 1). Studies by Meehan et al. (1 989) reported that MeCP-1 can bind 

a wide variety of unrelated DNA probe sequences given that the probe is methylated at 15 CpG 

dinucleotides at least. This observation seems to make sense given that the inhibition of 

transcription of minimally methylated constructs (1 5 CpG residues) of the a-globin gene can 

be eliminated, to some extent, by cotrandkction with other higher methylated constructs (Boyes 

and Bird, 1991). In addition, work by Meehan et a1 (1 989) demonstrated that hemimethylated 

DNA is not an optimal substrate for binding of MeCP-I, which would imply that 

hemimethylated sequences could be transcribed under the indirect model in in vivo nuclear 

environments. F ' i y ,  trandiection into MeCP-1 deficient cells have shown a reduced inhibition 

of transcription of methylated constructs (Boyes and Bird, 1991). These experiments 

demonstrate that there is a reduction in tire transcription ability of highly rnethylated constructs 

in vivo due to MeCP-1 like nuclear protein binding, thus suggesting that MeCP-1 may be 

responsible for the methylation-mediated repression of transcription directly, while methylation 

acts only indirectly (Boyes and Bird, 199 1 ; and Meehan et ui., 1989). Based upon these latter 

two studies, it may be concluded that iguchi-Ariga and Schafiher's ( 1 989) system may have 

also been inhibited indirectly via the binding of a MeCP-1 like protein found in their nuclear 

extracts, thus reducing the likelihood of the direct model. 

Based upon the above idormation, it may be speculated that DNA demethylation occurs 

via a passive mechanism involving active DNA replication, inhibition of DNA methyltransferase 

enzymes, and subsequent mitosis. Studies on mouse erythroleukernia cells by Razin and Cedar 

( 1991) refUte this theory. Their investigations indicated that upon gene activation, there is a 

transient genome wide demethylation. Furthermore, kinetic studies in the same system have 
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shown that demethylation occurs at times in the cell cycle when DNA is not being replicated, 

or cells dividing (Razi.n and Cedar, 1991). This, and other examples cited by Razin and Cedar 

(1991), suggested that many genes may be activated by b o r n  which ovemde methylation, and 

the effects thereof, without the involvement of DNA replication. Thus following initial 

activation, genes become demethylated resulting in hemimethylated 5' promoter segments at 

least, which would allow subsequent developmental changes to be initiated at the DNA level 

in the absence of bound transcription inhibitory factor(s), such as MeCP- 1 - Such a situation 

would imply that the control of DNA methylases, which remove cytosine methyl groups, as 

well as DNA methyltranderases activity would have to be very tightly regulated in order to 

activate only specific developmental genes, yet maintain others dormant as in the mammalian 

"X" chromosome situation (Gmenbaum et al, 198 1). Furthermore, DNA methylases would 

have to be insensitive to  MeCP- 1 proteins bound to  methylated target sequences. This theory 

has been practised in vitro with the usage of 5- AzaC, a potent chemical demethylation agent. 

However, such treatments lack specificity of gene activation. Furthermore, treatments would 

require one replication cycle for chemical integration into the DNA, which would result in cells 

being completely hemirnethylated even in the presence of active methyltransferases, just as 

would be expected for the passive theory of demethylation if given enough time for mitosis in 

the absence of methyltransferase activity. 

Stellaria l ~ n ~ p e s  Goldie (Caryophyllaceae) is a highly polymorphic circumpolar 

herbaceous perennial plant which grows in a variety of temperate habitats across North 

America (Chinnappa and Morton, 1984). Its capabiiity to exploit various environments may be 

partly due to its extensive &&y for phenotypic plasticity. In terms of chromosomal make-up, 
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it has a wide variation in chromosome number where 2n = 5 1 to 107 (with 52, 78, and 104 

being the most commonly occurring numben) (Chinnappa and Morton, 1984). The major 

pioidy levels are 4x = 52,6x = 78 and 8x = 104. Furthermore, there is no reported correlation 

between chromosome number and the morphology of the plant. 

S. 1 i q q - p ~  has been studied as a model system to understand environmental control of 

stem elongation plasticity. Macdonald et al. (1984) showed that both temperature and 

photoperiod act synergistically in inducing rapid rates of stem elongation in a prairie ecotype 

of S Iongrjxs. Macdonald and Chinnappa (1 989) have also demonstrated that over the North 

American species range, populations of alpine tundra S. longipes exhibit divergent patterns and 

lower amounts of plasticity than plants of the prairie montane and boreal habitats. Kathiresan 

et 01. (1998a) reported the additive effect of temperature and photoperiod in promoting ACC 

synthase mRNA accumulation in long day warm grown ramets of S. fonppes, which 

subsequently led to higher levels of ethylene production. Kathiresan et ui. (1996) also 

demonstrated the existence of a light and temperature entrained circadian regulation of ACC 

oxidase mRNA accumulation, another key enzyme in the ethylene biosynthetic pathway. 

Furthermore, initial studies on DNA methylation, using 3 alpine (dwarf) and 3 prairie (tall) 

ecotypes of S. Iongi"s, have shown that there is a decrease in genomic methylation level for 

all alpine genotypes, and one of the prairie genotypes studied, 6 days after they were transferred 

to long day warm 6om short day cold conditions (Cai and Chinnappa, 1999). This decrease in 

methylation coincides with the number of days in long day warm conditions necessaq for 

maximal rate of stem elongation, and the high and low levels, respectively, of ethylene 

evolution in prairie and alpine ecotypes of S. longipes as reported by Emery et al. (1994a). 
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Based upon the ideas above, in this thesis I am using S. Iongrjxs as a model system to  

study genomic DNA methylation levels asockted with stem dongation plasticity and the shade 

avoidance stem elongation response. It is hypothesbd that there will be a reduction in genomic 

methylation levels associated with the initiation of  stem elongation, and the extent of 

demethylation may influence the magnitude of  elongation. The main objectives to be studied 

are: ( 1 ) the between genornic DNA methylation and stem elongation plasticity in 

response to  various environmental cues; (2) whether chemically induced demethylation can 

promote stem elongation; (3) whether there is a correlation between ploidy levels and 

elevations in genomic methylation levels. 



Chapter 11: Genetic Relationship Studies oa Collected h n t  Specimens 

2.1 Introduction: 

Comparative analysis studies on populations or species which are based on morphology, 

life history, allotyme and DNA markers often reveal diffiient amounts and patterns of 

variation, which is a reflection of different strengths of selection and genetic drift operating on 

each type ofcharacter (Black-Sarnuelsson and Andersson, 1997; Yu and Pauls, 1993). On the 

other hand, Random amplified polymorphic DNA (RAPD) analysis is reported to provide for 

a large number of selectively neutral markers, which may be used in a wide range of situations 

such as identification of genotypes, systematic relationship studies, and patterns of variation 

(Black-Samuelsson and Andersson, 1997; Swoboda and Bhalla, 1997; Yu and Pauls, 1993). 

The relatedness and variation of DNA samples themselves are assessed by comparing RAPD 

fhpents of DNA and do not require any prior knowledge of the target genome (Armstrong 

et a/., 1994; Swoboda and Bhalla, 1997). Once k g p m t s  are obtained from each sample DNA 

they are separated according to size and the DNA analyzed on the presencefabsence of shared 

fragments which are then used to estimate the relatedness of DNA samples. 

In this study, RAPD andysis is being used to establish the genetic relationship of 30 

collected ecotypes ofs longipes. The reason genetic relationship information is important is 

because it is predicted h a t  fine-scale differentiation between the tundra and prairie forms of S. 

lo~tgipes, and thus fine scale differentiation of plasticity, may exist among geographically and 

genetidy closer populations along an elevation gradient (Emery et a]., 1994b). Thus 
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phenotypic differences in plasticity of closely related ecotypes m y  be due to differential 

regulation of gene expression which is governed by genomic cytosine methylation. It is 

hypothesized that the alpine ecotypes which are propagated clonaliy (Emery et al., 1994b) vd I  

be more closely related then the more distant prairie ecotypes. 

2.2 Methods and Materials: 

2.1.1 Plant Material and Growth Conditions: 

The collections represented samples taken along an elevation gradient £iom Plateau 

Mountain to the Chain Lakes area of Kananaskis County, Alberta. The Prairie ecotypes of S. 

Iongr@s, denoted with the prefixes, 7B and BP 1 (Bear Pond 1 ), were collected f?om the Chain 

Lakes area at an elavation of 1 3 10 m and 1676 m above sea level (ad) respectively . The Alpine 

ecotypes, denoted with the prefixes PMROlB (Plateau Mountain Run Off 1B) and PMI 

(Plateau Mountain l), were collected fiom the base of the run-off streams, and the top of the 

Plateau Mountain area at an elevation of 198 1 m and 2468 m. as1 respectively. S. borealis, 

collected @om Western North America, was included in the study as a congeneric out-group. 

All ramets collected were clonally propagated and maintained in growth chambers (Conviron, 

Winnipeg, Canada) under short-day cold conditions (SDC; 8 h photoperiod, 8 OC day/4 "C 

night) for a minimum of 60 days to simulate winter-like conditions before any krther treatment 

(Macdonaid et al., 1984). Then plants were allowed to grow for seven days under long day 

warm conditions (16 hour photoperiod, 22°C day and 18°C night) before tissue was harvested. 
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2.2 -2 DNA extraction: 

About 0.2 - 0.4 g of tissue, consisting of the top two nodes fiom 15 ramets, was collected 

and ground to fine powder in liquid nitrogen. Genornic DNA was extracted by a method using 

cetyltrimethylarnmonium bromide (CTAB) modified fiom Rogers and Bendich (1 985). The 

ground powder was incubated for 30 rnin at 65 OC in 1 -5 mL Tris buffer (100 mM, pH 8.0) 

containing 2% (w/v) CTAB, 20 mM EDTA, 1 -4 M NaCl and 0.2% (v/v) mercapto-ethanol. 

The suspension was then extracted once with 1.5 mL chloroformhsoamyldcohol(24: 1 v/v) and 

centrifuged at 4 OC for 10 rnin at 8,000 g. The upper phase was recovered and precipitated in 

213 volume ice cold isopropanol by gentle inversion of the sealed tube several times until a 

flocculent white precipitate of nucleic acids was obtained. The visible precipitate was then 

isolated and washed with 3-5 mL of wash buffer (76% ethanol and 10 m M  ammonium acetate) 

overnight at -20°C. The nucleic acids were isolated fiom the wash buffer by gently decanting 

the buffer, followed by air drying the DNA in a 37°C incubator until clear. 

2.2.3 Elimination of RNA and proteins 

Dry pellet nucleic acids were redissolved in 200 uL TE (50 mM Tris, 10 m M  EDTA, pH 

8.0) and incubated 30 rnin in a 37 "C water bath with 7 uL (10 mg/rnL) heat-treated bovine 

pancreatic ninuclease (RNase A)(ICN), and for an additional 30 min with 5 uL (26 mg/mL) 

proteinase K (ICN) at 37 T. Hereafter, 1.6 mL TE with 1 M CsCl was added to the DNA, and 

incubated for an additional 30 min at 37 "C. Nucleic acids where then precipitated into a white 

flocculant cloud by the addition of 2 vol of 1000?% ethanol (cooled to -20 O C )  followed by gentle 

inversion of the sealed tubes several times. The supernatant was once again discarded and the 
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precipitate allowed to air dry in a 37 "C incubator. The treatment with RNase A and proteinase 

K was then repeated once, and the final pellet air dried. The precipitate was then dissolved in 

100 - 200 pL of sterile distilled water. Once re-suspended, samples were quantified and 

analyzed for purity using a Pharmacia Biotech Ultrospec 2000. 

2.2.4 RAPD DNA Polymerase Chain Reaction (PCR): 

Once DNA was collected and assessed for purity, RAPD PCR reactions using I I 

oligonucleotide primers fiom Operon Primer Kit A (OPA, Operon Technologies, Alameda, 

Calif) were carried out in 25 pL reactions in 100 pl Eppendorf tubes. To each tube, 15 of 

sterile distilled water, 1 -2 pL 5 mM dNTPs, 2.4 pL 1 OxTAQ Buffer, 0.52 pL 50mM M g C I Z ,  

2.4 pL primer (each kit contains 20 different primer sequences), and 2.4 pL template DNA 

(9.52 ng/pL) were added. Once each vial was mixed, 1.2 @ Taq enzyme was added, mixed, 

spun down and then overlaid with paraftin oil before being placed in a Stratagene Robocycler 

40 PCR apparatus. After an initial 5 rnin cycle at 94OC, the Robocycler was set for 30 cycles 

through 94°C for 1 min, then 36°C for 1 rnin, followed by 72°C for 2 min. At the end of the last 

72" cycle, the samples were held at 72°C for 10 min to terminate the PCR reaction. 

2.2.5 RAPD Analysis: 

RAPD analysis was carried out by running the PCR products fiom the 1 1 different OPA- 

primers and 30 genotypes on a 1% agarose gel4 using a 1 kb ladder (Gibco BRL), run for 2.5 

hours at 60 volts. Upon completion of electrophoresis, gds were stained with ethidium bromide 

and v i sua lkd  under UV and photographed on a Photodoc machine. AU gel photographs were 
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independently scored for band size and the presence and absence of RAPD bands across all 

primers and genotypes. RAPD assays were performed at least twice. Only reproducible well 

marked amplified fragments were scored while fkint bands were ignored. Once this was 

completed, a binary matrix was created. Within this matrix, each genotype was represented by 

a vector of 1 (for M presence) and 0 (for band absence). This matrix was then input into the 

computer program RAPDistance V 1 -04 (Amstrong et a/-, 1994) to create a similarity index 

for each painvise combiition of genotypes based upon the Jaccard, Nei and Li, or Rogers and 

Tanimoto matrix. Neighbour-joining analysis was performed using the similarity matrix created 

by RAPDPLOT as an input me in the Neighbour program of RAPDistance V 1-04. The 

dendograms were plotted within and among genotypes using the DRAWTREE program also 

found in the RAPDistance package. All s o h a r e  was downloaded onto a Packard Bell Force 

480 CD Pentium 75 computer fiom hnp:~5'Iifeea~nr.edu.mdmoIe~Im~'sofiwme/rapd.h~fI 

( 1997). It should be noted that the smaller the numerical values on the dendogram branches are, 

the closer the genotypes are estimated to be genetically. 

2.3 Results and Discussion: 

Figure 2.1 is an example of a RAPD g d  run with genotypes OG, 7B, BP 1 -J, PMRO 1 B- 

10 and PMl-I with OPA primer number 1 (OPA-I). From the figure, it is evident that a 

distinct group of banding patterns arise fiom the various primers which can be utilized to 

estimate relatedness characteristics. Pairwise genetic identities between all the genotypes and 

populations collected along the gradient, and the borealis out-group, were used (in a pair 



Fig 2.1 : Photograph of a 1 % agarose gel used for RAPD analysis of OPA- I primer PCR 

products fiom 5 different S Ia18~;Pes gemtypes. Five pL of PCR product was loaded per well, 

and 3 pL. of 1Kb ladder (100ng/pL) to each standard well. The bands tiom left to right are: 

1Kb ladder, PMI-I, PMROIB-10, BP 1-J, 7B, S. boreaii (out-group), bla& ZKb ladder. The 

alpine ecotype is represented by genotype PM 1 -I and PMRO 1 B- 10, while the Prairie ecotype 

is represented by genotypes 7B and BPI-J. The out-group (OG) is S. borealis. 
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wise/bifiorate analysis) to produce dendograms of the genetic relationships between 

populations. Figures 2.2 to 2.4 inclusive are non-rooted dendograms, generated fiom RAPD 

gels, representing the relatedness of the out-group and all 30 specimens of S. longipes collected 

f?om the Plateau Mountain area in July of 1997. The dendograms where constructed fiom the 

data produced with eleven OPA random RAPD primers (OPA-1, OPA-2, OPA-5, OPA-7, 

OPA-8,OPA-9,OPA-lO,OPA-~ I, OPA- 12,OPA-13,OPA-14, and OPA-16) with a length 

of 10 bases each- The primers produced a total of 141 unique and shared bands, which were 

recorded and entered into the RAPDistance program. Once all the data was entered, various 

analysis matrices, found in the RAPDistance program, dendograms were created to evaluate 

the data. Figure 2.2 is a Jaccard matrix dendogram, figure 2.3 is a Nei and Li matrix 

dendogram, while figure 2.4 is a Rogers and Tanimoto matrix dendogram. 

The main difference observed was that in the first 2 dendograms (figures 2.2 and 2.3), 

7B and the collected specimens were considered to be on completely separate evolutionary 

paths fiom the Out-group (OG ... S. borealis). In the third dendogram (figure 2.4), however, 

both the OG and 7B were assessed as being related to one another, and together assessed as 

being on completely M i  evolutionary pathways than the other collected specimens. Based 

on the knowledge that the out-group, S. borealis, is relatively far removed from S. longipes 

(Emery et ul., 1994b), dendogram 3 (figure 2.4) was discarded. 

When the collected specimens are looked at, the dendograms indicated a few interesting 

trends which seemed to be repeated for all 3 dendograms. The first point being that all the Bear 

Paw One (BP 1) specimens collected separated out from a single branch point fkom the other 

collected specimens. This observation was expected as these specimens were collected fiom 



Fig 2.2: Jaccard Matrix dendogram of S. lorlgipes plants collected along an elevation gradient 

from the top of Plateau Mountain to the Chain Lakes area of Kananaskis Country Alberta. 

Dendogram was constructed using the RAPDistance V 1.04 program with 1 1  OPA primers 

producing 141 unique bands. Genotype 7B is the Prairie ecotype collected from the Chain lakes 

area, ecotypes BP 1 were collected h m  the Bear Pond arm emtypes PM I and PMRO 1 B were 

collected fiom the top, and base, of Plateau Mountain respectively. Genotypes enclosed in a 

circle are used for fhther investigations. 





Fig 2.3: Nei and Li matrix dendogram of S. lo~t'pes plants collected along an elevation 

gradient fiom the top of Plateau Mountain to the Chain Lakes area of Kananaskis Country 

Alberta. Dendogram was constructed using the RAPDistance V 1.04 program with 1 1 OPA 

primers producing 14 1 unique bands. Genotype 7B is the Prairie ecotype collected fiom the 

Chain lakes area, ecotypes BPI were collected tiom the Bear Pond area, ecotypes PMl and 

PMROlB were collected from the top, and base, of Plateau Mountain respectively. Genotypes 

enclosed in a circle are used for firrther investigations. 
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Fig 2.4: Rogers and Tanimoto matrix dendogram of I0t1gipe.s plants collected along an 

elevation gradient fiom the top of Plateau Mountain to the Chain Lakes area of Kananaskis 

Country Alberta. Dendogram was constructed using the RAPDistance V 1.04 program with 

1 1 OPA primers producing 141 unique bands. Genotype 7B is the Prairie emtype collected 

from the Chain lakes area, ecotypes BP1 were collected fiom the Bear Pond area, ecotypes 

PMl and PMROlB were collected fiom the top, and base, of PIateau Mountain respectively. 

Genotypes enclosed in a circle are used for fkther investigations. 
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the Bear Paw One site which serves as the run-off grade for Hailstone Butte only, thus 

notseeing any significant run off fiom the Plateau Mountain area. Secondly, the collected 

specimens from Plateau Mountain One (PMl ) and Plateau Mountain Run-off 1 B (PMRO I B) 

segregated into 2 separate branches which are both comprised of a mixture of PMl and 

PMRO lB for all 3 dendograms. This latter obsewation would suggest that the population on 

top of Plateau Mountain, which feeds the run-off grade leading to the PMROl B habitat, is 

composed of progeny 6om at least 2 main ancestors which diverged at some point fiom a 

common ancestor. In addition, due to the maintenance of what appears to  be 2 main branches 

of the dendogram for the PMl specimens, and subsequently PMRO 1 B, it may be infemed that 

such a distinct group of genomes within this population must be being maintained via asexual 

reproduction on the top of, and perhaps base of, the mountain area which is a conclusion also 

reached by Emery et d. (1994b). Lady, ignoring the OG and 7B genomes, the relationship the 

dendograms infa show similar correlation patterns at given forks involving the same collected 

specimens for all 3 dendograms. The only exception observed is seen in figure 2.3 where PMl- 

E and PMI-H are assessed as being much more =rent corn one another than dendogram 

figures 2.2 or 2.4 would suggest. Based upon this, and the above considerations, dendogram 

figure 2.2, produced fiom the Jaccard matrix, is predicted to be the most reliable dendogram 

to use for the purpose of this study. Finally, it was concluded that the specimens to be utilized 

in this study would be 7B, P M  1 -I, PMRO LB-10 and BPI-J. Figure 2.2, the Jaccard matrix, 

suggests that PM 1 -I and PMRO 1 B- 10 may be fairly close genetically, while 78 and BP 1 -J are 

more distant. The underlying reason for choosing these genotypes was that genotypes which 

are closely related (PMl -I and PMR0 1B-10) should show similar changes in methylation in 
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relation to similar extent ofemifonmentally mediated stem elongation plasticity. More distinct 

genotypes, on the other hand, should show greater degrees of change in methylation associated 

with a greater degree of environmentally mediated stem elongation plasticity. 
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Chapter III: Environmental Influence Upon Methylation and Stem Elongation. 

3.1 Introduction 

Environmental regulation of plant phenotypes and plasticity may play a significant role 

in the evolutionary strategy utilized by a plant (Bradshaw, 1965). As a r d t ,  there must be a 

cornpiex series of interactions which exist between a given plant species and its environment. 

Many of these environmental-plant interactions may result in phenotypic plasticity or 

polyhenism (Sterns, 1989). Phenotypic plasticity, as defined by Smith (1990) and Sterns (1989), 

is a general term which covers all types of environmentally induced phenotypic variations. 

Potyhenism, as per Stems (1989), is defined as the situation in which one genotype produces 

2 or more discrete phenotypes in response to an environmental signal. What this means is that 

even though plant processes follow a basic genetic blueprint, many epigenetic phenomenan 

allow selection among many potential variations of that blueprint based upon input fiom the 

immediate environment (Smith, 1 990). Such abilities are very important in the plant kingdom 

since plants can not migrate to more suitable climates when the weather or environmental 

factors change either seasonally or permanently. 

The levels of DNA methykion in plants can be influenced by environmental cues. Studies 

by Galaud et al. ( 1993a) demonstrated that when young internodes of Bryonia dioica are 

mechanically stressed, within 1 hour, there is an accompanying reduction of  cytosine 

methyiation to non-detectable levels, which remains so for the next 3 hours. This reduction is 

accompanied by a 45% increme in s-adenomethionie, followed by a 30% elevation in ethylene 
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level, and a 28% elevation in peroxidase activity (GPlaud et aL, 1993a). Furthermore, 

mechanically stressing tissue grown in 100 plbi 5-AzaC was reported to show an even greater 

increase in peroxidase activity and ethylene levels by 1000! and 2Wh respectively (Gaiaud et 

aL, 1993b), thus implicating that dernethylation results in elevations in peroxidase activity and 

ethylene evolution. Similar studies by Meyer et aL (1992) reported that elevating the growing 

temperature increased cytosine methylation I d s  of the 35s W promoter region of a maize 

A1 gene construct in Petunia, thus resulting in the change of flower wlour conferred by 

decreased activity of the A l  gene. These observations suggest that environmental stimuli may 

cause changes in DNA methylation, which in turn may result in gene expression, or silencing, 

giving rise to stress-responsive variations in natural populations. 

Plants lack the ability to migrate, however they are very receptive to the quality and 

quantity of light, as well as the direction and periodicity of light, within their environment in 

order to use these signals to optimize their acquisition of photons for photosynthesis (Smith, 

1994, and 1995). The perception of light quantity, or levels of photosynthetically active 

radiation (PAR), involves photon counting. The perception of light quality, on the other hand, 

involves the estimation of the ratios of photons in two or more photosynthetically active 

wavelength bands, such as Red (660 nm) to Far Red (730 nm) light ratios (R/Fr) (Smith, 1994). 

If the quality of light is poor (low R/Fr ratio) or quantity of tight is low (low PAR value) in 

comparison to an ideal tight environment, as it can be in understories, the plant may be 

considered to be growing under shaded conditions. As a result, many plants practise shade- 

avoidance reactions. Ifsuccessfi shade avoidance, via stem elongation, has the overall effect 

of projecting the plant photosynthetic apparatus into those parts of the environment where light 
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resources may be plentihl (Smith, 1 994). 

Plants perceive tight through photosenson/photoreceptors called phytochromes. 

Phytochromes are a class of chromic bi proteins that absorb principally in the WFr spectral 

regions (600 - 800 nm). Furthermore, phytochrornes exist  in two principle forms which are 

conformationally different, one being physiologically or biologically active. The active form is 

denoted as P, (F-r light absorbing), while the other is denoted as P, (R Light absorbing). The P, 

and P, forms are mutually inter-convertible once irradiated by light of the appropriate wave 

length. The spectral properties of P, are different than those o f  P, which reflects the structural 

red tight 
P, *- P, - Biologicd action 

far red light 

differences in their respective chromophores. Both forms of phytochrome are active in their 

own way. The P, form results in the activation of stem elongation associated with the etiolated 

response typically seen during seed germination and shading, while the P, form activates 

normal tissue development typically seen once young seedlings have broken through the soil 

and are no longer in the dark or shaded. 

S. lo,~gr*ps (Caryophyllaceae) is a good model system to study the biology of the 

mechanisms responsible for plastic behaviours in plants (Chinnappa and Morton, 1984). 

Normally, S. longipes elongate their stems and leaves under summer-like (long day warm: 

LDW) conditions, while in the winter-like (short day cold: SDC) conditions they do not. 

Interestingly, the degree of stem and leaf elongation is different in the alpine and prairie 
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ecotyp of S la@xs whae the prairie ecotype fiom the Chain Lakes area is not only taller, 

but also more plastic than the alpine ecotype fiom the top of Plateau Mountain (Emery et al, 

1994b). These observations are consistent with the theory that genotypes which evolve under 

frequently changing environments, like that of the Chain Lakes area of Kananaskis Alberta, 

would be more likely to display a greater deal of plasticity and adaptability than genotypes 

which evolved under constant environments, like that on top of f lateau Mountain (Smith, 

1990). Initial studies on DNA methylation, using 3 alpine (dwarf) and 3 prairie (tall) ecotypes 

of S Iot~gipes, showed that there is a decrease in genomic methylation levels, for a11 alpine and 

one of the prairie genotypes, 6 days aAer ramets were transferred to LDW conditions (Cai and 

Chinnappa, 1999). This decrease in methylation coincides with the number of LDW days 

necessary for maximum rates of stem elongation in prairie and alpine ecotypes of S. longips 

(Emery et al., 1994a). 

Based upon these ideas, in this chapter the role of genomic DNA methylation in stem 

elongation plasticity is investigated, under two M i  RIFr tight ratios, within the same alpine 

and prairie -types of S. longipes used for plasticity and growth studies in our laboratory. In 

addition, three new g d d y  related genotypes from in between the prairie and alpine habitat 

were also be studied. Lowering WFr light ratios should simulate shading effects normally found 

in plant environments (Smith, 1994). Thus, lower R/Fr ratios may influence DNA methylation 

levels, and the extent of demethylation, associated with the stem elongation plasticity response 

in the 4 collected genotypes of S /ongr@s, as rame~s attempt to avoid shade. It is hypothesized 

that those genotypes which show the greatest stem elongation plasticity, will also demonstrate 

the lowest level of genomic cytosine methylation, thus the greatest amount of demethyiation, 



associated with the stem eloagation trigger in comparison to day 0 of LDW . 

3.2 Methods and Materials 

3 -2.1 Plant Material and Growth Conditions: 

The collections represent samples taken fiom differ- elevations along the run-off 

gradient fiom Plateau Mountain to the Chain Lakes area of Kananaskis Country Alberta. The 

Prairie ecotypes of S. Iongripes, denoted 7B and BP 1 -J (Bear Pond I ), collected from the Chain 

Lakes area, and the Alpine ecotypes, denoted ID, PMl-I (Plateau Mountain 1 - I) and 

PMRO 1 B- 10 (Plateau Mountain Run-Off IB - lo), were collected 6om the top of, and the 

base of the run-off streams oc the Plateau Mountain area respectively, were used for this study. 

AU rarnets colected were clonally propagated and maintained in growth chambers (Conviron, 

Winnipeg, Canada) under short-day cold conditions (SDC; 8 h photoperiod, 8 OC day/4 "C 

night) for a minimum of 90 days to simulate winter Like conditions before long day warm 

treatment. However, the ID genotype plants were under SDC conditions for more than 90 days 

before LDW treatments were conducted, but the duration of SDC treatment is not certain. 

3.2.2 Preliminary 7 Day Methylation Trace: 

Upon c01~:Iusion of SDC treatments, 4 pots 7B genotype were placed in a LDW 

(16 h photoperiod, 22 T day/l8 T night) chamber (Conviron, Winnipeg, Manitoba) with a red 

to far red light ratio (WFr) of 3.78 and a PAR value of 143.1 pmle photons me* s-I. White light 

was supplied with the use ofPhilips F48TlUCSO/HO bulbs (Philips Lighting Co., Sommerset, 
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N.J., USA). PAR and R/Fr iight ratios were measured at plant height with a Li-Cor 

Spectroradiometer (model LI 1800, LI-COR Inc., Lincoln, Neb., USA). Plants were allowed 

to grow for 7 days over which period tissue fiom IS ramets (top 2 nodes) were harvested for 

HPLC analysis once every 24 hrs for 7 days. 

3 -2.3 Light Treatments: 

At the end of the SDC treatments, one pot of each genotype (7B, BP 1 -J, PMRO 18- 10, 

and PMl-I) was placed in to 2 separate growth chambers under LDW conditions with 2 

different Light conditions. One chamber was designed to have high red to far red light ratio 

(R/Fr = 1 -90) while maintaining the photosynthetically active radiation (PAR) at 1 1 5 j M  

photon m-* S-'. The other chamber was designed to have a low R/Fr ratio of 0.7 and PAR of 

1 15 pM photon m'2 s-'. Plants were allowed to grow for 6 days. Tissue samples consisting of 

the top two nodes worth of material fiom 15 ramets of each genotype, fiom both Light 

conditions, was harvested for HPLC analysis at days 0,2,4, and 6. 

3 -2.1 DNA extraction for HPLC Analysis: 

DNA was extracted as outlined previously (2.2.1). 

3 -2.5 Elimination of RNA and Proteins: 

RNA and proteins were eliminated as outlined before (2.2.2), however the precipitate 

was dissolved in 100 - 200 buffer (30 mM sodium acetate (pH 5.3) with 0.1 mM Zn Cl3. 
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3.2.6 Separation of DNA and RNA 

Any RNase resistant oligonucleotides of RNA remaining were separated fiom DNA by 

gel filtration. Micro Spin Sephacryl S-400 columns (Pharmacia Biotech) were equilibrated with 

five column volumes of buffer (30 mM sodium acetate (pH 5.3) with 0.1 mM ZnC11) spun at 

735 x g for 1 minute. Immediately after the last column volume of buffer ran through during 

the last spin, 100 jtL of rmcleic acid was laid on top of the gel and spun at 735% for 2 min and 

collected in labelled 1 -5 mL Eppendorf tubes. The Micro Spin 5-400 columns where then 

cleaned with 5 column volumes of Omnisolve methanol (EM Science) and stored at 4 "C, or 

re-equilibrated with buffer and run through with any remaining dissolved nucleic acids. 

3 -2.7 Hydrolysis of DNA 

Collected fractions of DNA, tiom the Micro Spin Columns, were hydroiysed 

enzymatically to deoxyri'bonucleosides. For every 100 pL of purified DNA dissolved in buffer 

(30 mM sodium acetate @H 5.3) and 0.1 mM ZnC19, 5 units (1 U/@) of nuclease PI (Sigma) 

and 0.54 units (1000 U/mL) of calf intestinal alkaline phosphatase (ICN) were added . 

Fractions were then incubated for 150 min in a 37 "C water bath. Proteins were then 

precipitated by the addition of 2 vol of 1W! ethanol (cooled to -20°C) followed by 

centrifirgation at 14,000 x g for 15 minutes. The supernatant was subsequently isolated, dried 

and redissolved in 100 - 300 pL sterile distilled water. 

3.2.8 Separation of deoxyribonucleosides by HPLC. 

Deoxyn'bonucleosides were separated by injecting 70 pL, of hydrosylate onto one 25 cm 
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and one 15 cm reverse-phase C 18 Ultrasphere column (Beckmann, P/N 235329 and 23 5330 

respectively) used in series. The nucleosides were eluted isocratically with running buffer (5 

rnm HW, (pH 2.5), 5% methanol) flowing at 0.85 W m i n ,  after columns were regenerated 

with running buffer. After the last peak of each sample eluted &om the columns, columns were 

flushed with 1W! Omnisolve methanol (EM Science) and regenerated with run buffer. 

Detection was performed spectropbotometridy at 270 nm on a GM770 monochromator and 

SF S pect roflow monitor (Schoeffei Instruments). Peak areas and retention times were 

integrated with a Hewlett-Packert reporting integrator (Model 3390A). For quantification, 

standard solutions of the 5 deoxyriinucleotides (highest purity available, ICN) were run and 

calibrations (rX.99) prepared. Measurements of cytosine methylation level for each sample 

were repeated at least twice and replicated at least once. Two 2150 KPLC pumps controlled 

by one 2 152 HPLC Controller @KB, Bromrna) were used for sample and b&er delivery. 

3.2.9 Calculation of percentage of cytosine methylation: 

We calculated percentage cytosine methylation by the following formula of Palmgren et 

al. (1990), where %mdC is the actual percentage cytosine methylation, mdC is the amount of 

rnethylated cytosine detected, and dC is the amount of cytosine detected: 
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It should be noted that the average of two traces were used for the methylation calculations, 

and only the traces where mdC + dC content roughly equalled dG, and dA equalled dT, were 

used in the %mdC estimations. 

The percentage decrease in methylation, or percent demethylation, was estimated by 

taking the %mdC content fiom a given day (%mdCa and comparing it to day 0 of LDW 

(%mdC,). The formula is as follows: 

3.3 Results 

3.3.1 Effkct of Long Warm days on Methylation Levels: 

The preliminary methylated cytosine levels of the 7B genotype was measured using 

HPLC every 24 hrs for 7 days (Figure 3.1 a). Under SDC conditions (day 0 LDW) 28% of the 

genomic cytosine was found to be methylated. Under LDW conditions, the level of cytosine 

methylation decreased only slightly during the first 48 hours (2 - 3% reduction) in comparison 

to day 0. By day 3 of LDW treatment, however, there was a 13% decline in genomic cytosine 

methylation. This trend continued till day 4 which showed the greatest dec!ine (18%). Day 5 

showed an increase in methylation levels, as compared to days 3 and 4 (12% reduction). 

Finally, days 6 and 7 demonstrated genomic cytosine demethylation levels of about 14% and 

1 5%, respectively. Therefore, the greatest extent of genomic cytosine demethylation under 

LDW occurred on day 4. The general trend observed here for the 7 '  genotype, and extent of 



Fig 3. l a: Percentage decrease in genomic cytosine methylation levels of a prairie ecotype of 

Steftaria longipes (78) grown for 7 days in LDW conditions, with a R/Fr ratio of 3.78 and a 

PAR of 143.1 v o l  photons m-' 5'. Plant tissues were sampled every 24 hours. All numerical 

values below the bars represent the genornic cytosine methylation associated with that day. 

Genomic cytosine methylation at day 0 was 28%, and was used as a baseline to determine the 

extent of demethylation associated with a given day of LDW treatment. 
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dernethylation, for days 3 and 6 (13 and 14% respectiveiy), are similar to the trend and 

demethylation levels reported by Cai and Chinnappa ( : 999) who sampled tissue on days 0,3, 

6, and 10 of LDW. 

Based upon the above, four replicates of the cytosine methylation levels in the 78 prairie 

genotype under LDW conditions were sampled on days 0,2,4 and 6 (figure 3. I b). Plants were 

grown under a PAR of 143 jmol photons m-2 s-I and a WFr ratio of 3.78. This set of results 

demonstrated a trend similar to that seen in figure 3.la. In particular, day 0 of LDW 

demonstrated a cytosine methylation level of 29% (+/- 0.32), while day 2 showed a 2% (+/- 

0.37) reduction. As before, day 4 demonstrated the lowest methylation levels and greatest 

extent of demethylation (23% +/- 0.12 and 1YA +/- 0.49 respectively). Day 6 of LDW only 

demonstrated a 1 1% (+/- 2.00) reduction in methylation and demethylation as compared to day 

0. 

3.3.2 R/Fr Light mediated demethylation & stem elongation: 

The methylated cytosine levels of genotype 7B was measured using HPLC after 0,2,4 

and 6 days of LDW treatment under R/Fr ratios of 0.70, 1.90 and 3.70, with a PAR of 11 5 

pxnol photons m-2 s-' (Table 3.1). As for the data in figures 3. la  and b, the results for the 7 8  

genotype in table 3.1 demonstrated a similar trend for days 2,4 and 6 under LDW regardless 

of R/Fr ratio. In particular, day 4 had a greater extent of cytosine demethyiation than day 6 did, 

in comparison to day 0. However, 7B ramets grown 4 days under LDW with a R/Fr ratio of 

0.7 demonstrated greater demethylation than those ramets under 1.90 or 3.70 WFr (19% +/- 

0.49, 1 8% +/- 0.06 and 12% respectively). Day 6 also showed a similar trend ( 1 1% +/- 2.00, 



Fig 3.1 b: Percentage decrease in genomic cytosine methylation levels of a prairie ecutype of 

SteiIaria longips (78) grown for 6 days in LDW conditions, with a WFr ratio of 3.78 and a 

PAR of 143.1 p o l  photons m'* s". Tissue was sampled day 0, 2,4 and 6 of LDW. Shaded 

bars represent percent cytosine methylation (%mdC), while open bars represent percent de- 

methylation (%dm). Error bars represent standard error values based upon 4 replicates. 

Genomic cytosine methylation at day 0 was 29% +/- 0.32, and was used as a baseline to 

determine the extent of demethyiation associated with a given day of LDW treatment. 



Days after transfer from SDC to LDW 



Table 3.1: Mean percentage methylation associated with 0,2,4 and 6 days of growth in both 

alpine ( I  D, PM 1 -I & PMRO 1 B- 10) and prairie (E3P 1 -J & 7B) ecotypes of SlelIaria l o ~ t ~ p e s  

in LDW conditions, with a PAR of 1 15 pmol photons m" s-' and WFr ratios of 0.70 or 1.90 

or 3.70. The values in parenthesrs represent percentage demethylation in comparison to day 0, 

while superscript square brackets represents +/- standard error values, if any (*: n = 2, and ': 

n = 4). I f  no standard error values presented, then results are tiom a single sampling. 



Percentage methylation per day sampled in LDW 

Ecotype R/Fr Day 0 Day 2 Day 4 Day 6 

070* 3210-201 3 1 25[0-101 30 

(0) (2) (2 1 )I0-"' (7) 
BPI-J 

1 .go* 3 2'0-"1 3 1 261O.W 30 

(0) (3) (1 9)[0-17 (7) 
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8% and 5% respectively). This trend was also observed in 1D ramets grown in LDW under 

R/Fr ratios of 0-7 and 3.7 (table 3. l), however, the extent of demethylation difference between 

days 4 and 6 were less within, and W e e n ,  each Light treatment (23% +/- 0.59 to 1 9% +I- 0.53 

and 1 9% to 1 7% respectively). Genotypes BP I -J, PMRO I B- I 0 and PM 1 -I also demonstrated 

a similar trend as above under R/Fr ratios of 0.70 and 1.90, with the greatest extent of 

demethykion ocarning with 4 days of LDW t t e -  In addition, the lower R/Fr ratio (0.70) 

showed the greatest amount of demethyllation. 

When comparing the day 4 LDW methytation levels between the 4 genotypes, an 

interesting trend emerges. The Prairie 7B genotype demonstrated the lowest cytosine 

methylation level for day 4 of LDW, when comparing similar R/Fr ratios, than all the other 

genotypes (23% +/- 0.12, 24% +/- 0.26 and 25% for R/Fr ratios of 0.70, 1.90 and 3.70 

respectively). BPI -J had the next lowest values (25% +I- 0.10 and 26% +/- 0.06 for R/Fr of 

0.70 and 1.90 respectively), followed by PMROIB-I0 (29% +/- 0. I0 and 30% +I- 0.19 

respectively), with PM1-I having the greatest values (29% +/- 0.05 and 32% +I- 0.13 

respectively). The ID alpine genotype did not seem to follow this trend as it demonstrated 

methylation levels which were between those of BPI -J and PMROl B-10 for 0.70 R/Fr (26% 

+/- 0.19), while the R/Fr ratio of 3 -70 had a methylation level of 27%. Lastly, the methylation 

levels for day 0 of LDW, as for day 4 of LDW, showed that genotype 7B had the lowest 

methylation level (29% +/- 0.32), followed by BP 1 -J (32% +/- 0.20) and P M R 0  1 B- 10 (33% 

+/- 0.29), with PMI-I and 1D having the highest (34% +I- 0.07 and 34% +/- 0.15 

respectively). A s i n k  trend was seen for day 6 of LDW within similar R/Fr light treatments. 

Figures 3.2,3.3,3 -4 and 3.5 show the average stem lengths for 7B, BP I -J, PMRO IB- 



4 1 

1 0 and PM 1-1 genotypes7 respectively, over a 17 day period. AU ramets were grown under 

LDW conditions with a PAR of 1 15 p o l  photons me2 s-', and with R/Fr ratios of 0.70 and 

1 .90 .  From the figures, it is evident that the 7B ramets (collected fiom an elevation of 13 10 m. 

asl) were taller than the BP 1 -J ramets ( 1676 m. asl), which were taller than the PMRO 1 B- I 0  

rarnets (1981 rn. ad), which in turn were taller than the PM1-I ramets (2468 m. asl) regardless 

of R/Fr treatment- In addition all ramets, within a given gemtype, were taller under low R/Fr 

tight (0.70) than their high EUFr light (1 -90) treated counterparts. Lastly, stem elongation just 

began to occur on day 4 of LDW. 



Fig 3.2: The effect of high and low Red/Far red Light ratios ( 1 . 9 0  and 0.70 respectively) upon 

stem elongation in the Rairie 7B genotype plants ( 1 3 1 0 m. asl) grown for 1 7 days. C harnbers 

were set for LDW photoperiod and dayhight temperatures (12 h light, 22°C day/l8OC night). 

PAR values were held at 1 15 - 120 pmol photons m-2 6'. Error bars represent standard error 

for 10 ramets. I f  no error bar seen, error is less than 2.2 mm- 
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Fig 3.3 : The effect of high and low Red/Far red light ratios ( 1 -90 and 0.70 respectively) upon 

stem elongation in the Prairie BPI-A genotype plants (1676 m. asl) grown for 17 days. 

Chambers were set for LDW photoperiod and day/night temperatures (12 h light, 22°C 

day/l8'C night). PAR values were held at 115 - 120 p o l  photons m'* 5'. Error bars represent 

standard error for 10 ramets. I f  no error bar seen, error is less than 2.2 mm. 



Days in Given Treatment 



Fig 3.4: The &'it of high and low Redmar red tight ratios (1.90 and 0.70 respectively) upon 

stem elongation in the Alpine PMRO 18- 10 genotype plants (1 98 1 m. as]) grown for 1 7 days. 

Chambers were set for LDW photoperiod and day/night temperatures ( 1  2 h light, 22°C 

day/ 18°C night). PAR values were held at 1 15 - 120 p o l  photons m-2 s-I. Error bars represent 

standard error for 10 ramets. If  no error bar seen, error is less than 2.2 mrn. 
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Fig 3.5: The effect of  high and low Red/Far red tight ratios (1  -90 and 0.70 respectively) upon 

stem elongation in the Alpine PMI-I genotype plants (2468 m. asl) gmwn for 17 days. 

Chambers were set for LDW photoperiod and dayhght temperatures (12 h tight, 22°C 

day/l8"C night). PAR values were held at 1 15 - 120 p o l  photons m" s*'. Error bars represent 

standard error for 1 0 ramets. Lf no error bar seen, error is less than 2.2 mm. 
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3 -4 Discussion 

Work by Emery et al. ( 1 994a), with the alpine dwarf 1 D and prairie tall 7B emtypes 

of S. iorrgipes used in this study, demonstrated that stem elongation just begins on day 4 of 

LDW, with the b e s t  daily increment in stem elongation occurring 7 days after transfer &om 

SDC conditions. A similar trend is also observed in figures 3.2 to 3.5. It should be noted that 

cell division, in the zone of cell division, must occur before stem elongation, in the zone of cell 

elongation, can occur. This suggests that the rate of cell division may be at a maximum 6 days 

after transfer in order to provide sufficient cells for the observed maximal elongation rate. 

Histological studies conducted on the aipine and prairie ecotypes of S. I ~ n ~ p e s  by Choung 

( 1998) demonstrated that cell number is relatively constant during the first 4 days of LDW 

treatment. However, by day 5 the number of cells associated with the second internode begins 

to increase, reaching a maximum by day 15 (Choung, 1998). As cell division involves semi- 

conservative DNA replication, resulting in a methylated template strand bound to a nascent 

unmethylated strand, a 50% reduction in genomic cytosine methylation would be expected until 

the methyltransferase enzyme can methylate the nascent strand using the old strand as a 

template (Gnrenbaum et aL, 1982; and Klimasauskas et al., 1994). This idea is consistent with 

the proposed model for methylation inheritance whereby methylation occurs on nascent DNA 

after repair or replication. It is thus possible that the level of demethylation obsewed using 

HPLC on day 6, as well as that by Cai and Chinnappa (1999), could be reflecting a decrease 

in methylation levels associated with the accumulation of hemimethylated newly replicated 

DNA. Kinetic studies with mouse erythroleukemia cells by Razjn and Cedar (1991) have 
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demonstrated that upon gene activation, there is a genomewide dernethylation which occurs 

at times in the cell cycle when DNA is not being replicated or cells dividing. Thus, the observed 

start point of rapid onset of stem elongation, day 4 of LDW which corresponds with the 

maximal decrease in genomic cytosine methylation regardless of WFr ratios (figure 3.1 a, b and 

table 3.1 ), may be u s d  to use as an indicator of the degree of genomic cytosine demethylation 

associated with the trigger initiating stem elongation in S. /ongipes. 

It has been suggested that a plant can mod@ its phenotype and plasticity in response to 

appropriate environmental stimuli (Smith, 1990), which, based upon the Link between 

methylation and gene silencing, may involve modulation of the genomic DNA methylation 

pattern of a plant. This idea is supported by the work of Galaud et a1 (1993% b) in B. dioica, 

where it has been demonstrated that mechanical stimulation, simulating a form of sudden 

adverse environmental stress, can result in a rapid reduction of methytation to non-detectable 

levels within one hour. This reduction in methylation is accompanied with an increase in s- 

adenomethionine and ethylene levels, as well as elevated perorddase activity (Galaud et al. 

1993a, b). A similar trend is seen in table 3.1, where those plants grown under more shade 

(lower W r  ratios) had lower cytosine methylation levels associated with day 4 of LDW, and 

were taller than their non-shaded counterparts by day 8 of LDW (as seen in figures 3.2,3 -3, 

3.4 and 3.5). These observations suggest that environmentally stimulated stem elongation in 

S. longipes starting at day 4 (Emery et al., 1994a), and the greater extent of low R/Fr shade 

influenced elongation observed by day 8 (figure 3.2 to 3 . 3 ,  might be parti* a result of 

demethylation, and extent of demethylation, by day 4 of LDW treatment respectively. Thus, 

perhaps only when maximal dernethylation has been attained, on day 4 (fig 3.1 k b  and table 
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3. I), will stem elongation occur, and the degree of  demethylation may influence the extent of 

elongation. 

Another interesting trend which does arise deals with the extent of stem elongation 

plasticity asociated with the shade avoidance response. The prairie 7B genotype shows more 

shade avoidance plasticity than the prairie BPI-J genotype, as 7B rarnets are taller under low 

R/Fr ratios than are BPI4 ramets under the very same treatments (figures 3.2 and 3.3). In 

addition, 7B ramets have a lower day 0 and 4 LDW methylation level than BPI-J rarnets under 

similar light conditions (table 3.1). This suggests that in these two prairie genotypes, even 

though they are only separated by an elevation of 366 meters, the 7B genotype may be taller 

and more p l d c  in its shade avoidance rrsponse as it has a lower day 0 LDW methylation level 

and an even lower day 4 methylation level. This would suggest that the 7B ramets normally, 

and under shaded conditions, may have more genes turned on which may allow for a greater 

extent of stem elongation than BPI-J ramets grown under similar conditions. The same can be 

argued for the alpine PMRO 1 B- I0 and PM 1 -I ramets, which are separated by an elevation of 

487 meters and estimated to be more closely related, where the PMRO IB-10 ramets are taller 

and demonstrate more shade avoidance stem elongation plasticity (table 3.1 and figures 3 -4 and 

3.5). This idea would also hold true when comparing the prairie and dpine ecotypes. 

An unexpected result which must be addressed is the lower amount of cytosine 

methylation detected for the alpine ID genotype grown for 4 days under shaded (WFr 0.70) 

conditions. From table 3.1, it is evident that the alpine 1 D genotype demonstrated a higher day 

0, and lower day 4, of LDW cytosine methylation level in comparison to the alpine PMI-I 

genotype (34% +/- 0.1 5 and 26% +I- 0.19 vs. 34% +/-0.07 and 2g0? +/- 0.05 respectively). A 
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possiile explanation as to why there may be such a disparity has to do with how long the two 

genotypes were grown under SDC conditions before trander to LDW treatments. The PMI-I 

genotypes, as the others, were maintained under SDC for about 90 days before being 

tmsfbred into LDW conditions. The 1D genotype tarnets used for this study were taken fiom 

a SDC stock wbich had been maintained under SDC for more than 7 months. Although the 1 D 

ramets selected were not flowering at the time, other ramets in the same chaxnber were 

flowering (personal observation). Normally S. ~ongtNs does not flower under SDC conditions. 

However, it is possible that under prolonged exposure to SDC conditions, the plant's own 

biological clock may take over and initiate flower development. Bum et al. ( 1993) reported that 

genomic demethylation can induce flower development. Thus, the lower than expected level 

of methylation on day 4 of LDW associated with the 1D ramets may have been caused by the 

ramets preparing for floral development due to some internal biological trigger once ramets 

were transferred into LDW chambers. 

Based upon the above, it is concluded that the tall prairie ecotypes have a lower over-all 

value of genornic cytosine methylation, and a greater extent of day 4 LDW demethylation, than 

the short alpine ecotypes do in order to promote and trigger stem elongation (as seen in Table 

3 . l )  . This idea may also be responsible for the difference in ramet stem lengths between the 

alpine and prairie genotypes studied. In particular, the prairie rarnets may be taller due to having 

lower levels ofmethylation which may increase the number of genes which may be turned on, 

thus promoting stem development in comparison to the alpine genotypes. Also, low 

environmental WFr associated shade results in a greater reduction of cytosine methylation 

levels, which stimulates a greater extent of shade avoidance stem elongation, in both alpine and 
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prairie ecotypes of S img@s, as compared t o  higher WFr grown counterparts. Lastly, as the 

PMl-I and PMRO IS10 alpine genotypes selected for this study are considered to be closely 

related (chapter 2), the difference in stem elongation shade avoidance response obsemed for 

these two may be linked to the dilferences in methylation levels observed under day 0 and 4 of 

LDW. In particular, PMROIB-10 ramets have lower day 0 and 4 LDW methylation values, and 

greater stem elongation d shade avoidance plasticity then PM 1 -I nunets. This would suggest 

that changes in methylation levels, which become heritable over time, that result due to changes 

in normal environmemtal conditions, as would be the case if a plant migrated down an elevation 

gradient, may be able to dictate the extent of stem length and shade avoidance plasticity 

difference. 
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Chapter N: SAzacytidine Mediitcd Cka~ical Dundhyhtio~~ of Ccwmic DNA Results 

in tbe h m o t i o n  of Stem Elongation in two Ecotypes of Stell& ImgiPs. 

4.1 Introduction: 

More conclusive evidence for the role played by cytosine methylation in gene 

inactivation comes from studies using 5-Azacytidine (5-AzaC), a demethylating drug. In 

suspension cultures of tobacco cells, 0.1 to 100 plkf 5-AzaC treatment was sufficient to re- 

activate T-DNA oncagenes respoflsl'ble for auxin andfor cytokinin biosynthesis, which had been 

silenced following integration (Klass et al, 1989). In Bryonia diocio, demethylation caused by 

100 jM 5-AzaC was sufficient to induce an increase in peroxidase activity and ethylene 

production, while inhibiting stem elongation (Galaud et aI., 1993b). To determine if DNA 

methylation is involved in the differential expression of genes controlling plant height, Sam, et 

a[. (1989) studied the extent of DNA methylation in near-isogenic tall and dwarf maize, and 

the effect of 5-AzaC on the growth of tall maize plants. Their results suggest that dwarf maize 

has 8% less mdC content compared to the tall variant, and 3 day imbibed tall maize seeds 

exposed to 300 @I 5-AzaC for 16 hours exhibited shorter internodes than control plants, 

resulting in a 28% reduction in plant height (Sano et af, 1989). In addition, it is reported that 

5-AzaC treatment also results in a 20% reduction in mean leaf length, and an observable 

reduction in genomic methylation as studied by restriction analysis (Sano et uI, 1989). Similar 

trends are also observed in rice seedlings treated with both 5-AzaC and 5 - M C  during 

imbibition. 
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In this chapter the effects of 5-AraC and the role ofgmomic DNA methylation in stem 

elongatioq under two differ- PAR values, within the same alpine and prairie ecotypes of S. 

lon@ipes used for plasticity and growth studies in our laboratory was investigated. Lowering 

PAR dues ,  just as lowering R/Fr light ratios, should simulate shading effects normally found 

in plant environments (Smith, 1994). Thus low PAR may influence DNA methylation levels and 

stem eiongation plasticity response in S. fongips. as ramets attempt to avoid shade. As 7B 

plants are associated with lower cytosine methylation levels on day 4 of LDW, the trigger 

associated with stem elongation, it is hypothesized that 7B rarnets will require higher dosages 

of 5-AzaC, thus lower methylation levels, than 1D ramets in order to promote mrucimal stem 

elongation. 

4.2 Methods and Materials: 

4.2. I Plant Material and Growth Conditions: 

We followed the procedures outlined in Kathiresan et al. (1998b). Clonally propagated 

ramets of 1D and A genotypes were maintained in growth chambers under SDC conditions 

for a minimum of 60 days. At the conclusion of SDC treatments, four 1D and four 7E3 pots 

were W d  to a LDW chamber for 7 days, with a RIFr light ratio of 3 -78 and PAR value 

of 143.1 pole photons m'2 6'. At the conclusion of 7 days, all of the ramets above soil were 

removed and pots allowed to grow for an additional 8 weeks before ramets harvested for tissue 

culture work. Twelve 1L glass jars and 48 Magenta GA-7 vessels, all with Lids, were obtained. 

Holes of 4.5 cm diameter were drilled in all lids to allow for Baxter Disposo plugs of 5 crn 
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diameter, which allowed for gas exchange. Once all the jars and vessels were cleaned, 

assembled with lids and plugs, they were wrapped in foil and autoclaved. As a result, a total 

of 6 jars and 24 vessels for the 7B genotype and 6 jars and 24 vessels for the ID genotype 

tissue treatments was prepared. 

4.2.2 Media Preparation: 

For each set of 6 jars and 24 vessels, 3600 mL of media was prepared. Fist 15.84 g MS 

salts (Sigma) and 108 g sucrose (ICN) was dissolved in distilled water and brought to a boil. 

Once the medium was cool, 0.36 g myoinositol (ICN) and 36 mL Thiamin-HC1 (ICN: Img 

Thiamin-HCVlOO mL, filter sterilized stock) were added and pH adljusted to 5.7. 100 mL media 

was distriied into each of twenty four 250 mL Erlenmeyer flasks, and 200 mL in to each of 

six 500 rnL Erlenmeyer flasks. 0.2 g of Gellorite (Schweizerhall) was added for each 100 mL 

media per Erlenmeyer flask before the flasks were covered with foil and autoclaved. Once 

sterile, the flasks were allowed to cool in a sterile laminar flow hood (model: Enviralab Sterility 

Module, Bio-Dynamics Inc., Albuquerque, New Mexico, USA). Once cool to the touch, 

appropriate volumes of 50 mM 5-AzaC stock (dissolved in sterile double distilled water, and 

filter sterilized) were added to the flasks (four 100 rnL flasks and one 200 mL flask per 

concentrations as follows 0, 10,25,50,75, and 100 per 7B arrd 1 D treatments), mixed and 

then decanted into appropriately labelled jars (1 00 mL per Magenta vessel and 200 mL per 1L 

jar). This distribution of media into 4 Magenta vessels per 5-AzaC treatment concentration 

allowed for 4 replicates per treatment. Once media hardened, the caps with Baxter Disposo 

plugs were placed upon vessels and jars, and vessels and jars stored in dark at room 
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temperatwe for 48 hours to allow for ethylene release fiom media. After this period, collected 

7B and 1 D genotype tissue was inoculated into media and placed into growth chambers. 

4.2.3 Tissue Harvest and Sterilization: 

220 ramets consisting of top 4 nodes were collected for each of 1D and 7B genotypes. 

Once collected, ram- were sterilized in a sterile laminar flow hood with 70% ethanol for 10 

rnin, followed by 10% bleach for 5 min (ethanol and bleach solutions were prepared in sterile 

distilled water). Tissue was washed 3 times in sterile distilled water, and the top node 

containing two leaves, the apical meristem, and of uniform size and development, was 

aseptically dissected a few dlimetres along the stem below the node. These tips were 

inoculated into media jars and vessels (5 tips per Magenta vessel, whae each vessel represented 

one of four 5-AzaC concentration replicates, and 10 tips per 1L jar, where each jar was a single 

5-AzaC concentration replicate) per genotype treatment. 

4.2.4 Tissue Culture Conditions: 

Magenta vessels where placed in sterile LDW chamber with a R/Fr ratio of 3.78, and a 

PAR of 143.1 pmol m-2 sec-' . The jars were placed in sterile LDW chamber with a WFr ratio 

of 3.70 and PAR of 1 15 pmol rn-' (PAR values reduced with addition of 4 layers of cheese 

cloth, without altering the lUFr ratio). Tissue was allowed to grow for 14 days, harvested and 

measured for stem length fiom the first basal node to the base of the apical node. DNA was 

isolated, purified, and methylation levels were estimated using the HPLC protocol outlined 

earlier above. All measurements and observations for the 7B and 1D genotypes are fiom at 
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least 4 replicates of 5 ramets each for the 143 PAR treatments, and one replicate of 10 ramets 

each for the 1 15 PAR treatments. In addition, each experiment was repeated at Ieast once with 

similar results. 

4.2.5 5-AtaC and Toxicity 

SDC ramets of the 7B genotype were also grown in media with 0,50, 100, 1 50,200 and 

250 pM 5-AzaC for a period of 2 weeks in order to assess 5-AzaC toxicity levels. All tissue 

preparation and growth conditions are similar to that listed above. This data was utilized to 

determine toxicity levels for various treatment concentrations of 5-AzaC for media and 

chemically mediated demethylation work. 

4.3 Results: 

Figure 4.1 is a photograph of the 7B genotype ramets grown for 2 weeks in 0, 50, 1 00, 

150,200 and 250 pM 5-AtaC under a PAR of 143.1 p o l  photons m-* s-' and a IUFr ratio of 

3.78. From the figure, it is evident that treatment concentrations greater than 1 50 pM 5-AzaC 

inhibited root development and greatly stunted the plants. In these 7E3 SDC ramets, 0 p.M 5- 

AzaC seemed to yield the greatest level of stem elongation and root development, and any 

addition of 5-AzaC resulted in reduction of stem stature and root development after two weeks 

of treatment. 

Stem lengths were measured, as well as cytosine methyhion levels via HPLC, for ID and 

7B rarnets cultured in various concentrations of 5-AzaC fbr 14 days in LDW, with either a PAR 



Figure 4.1. The effect of5-AzaC upon stem elongation and root development in SDC harvested 

7B ramets grown for 2 weeks under a PAR of 143.1 pmol photons me' s-' and R/Fr ratio of 

3 -78. Treatment concentrations were 0, 50, 100, 150,200 and 250 pM 5-AzaC. The stunting 

of plant stature and lack of root development tiom I50 pM 5-AzaC and up, is suggestive of 

toxic Ievels of 5-AzaC treatment. 
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of 143.1 or 1 15 p o l  photons m-2 s-I at WFr values of 3.78 or 3.70 respectively. Figure 4.2 is 

a photograph of 7B ramets (1 3 10 m. asl) representative of the effects of 5-AzaC treatments, 

while figure 4.3 presents the am elongation data for 7B ramets treated. From the figure, it is 

apparent that both sets of ramets treated in PAR values of 143.1 and I 1 5 pmol photons rn-' 

s-* exhibited a similar stem elongation trend with 75 plhd 5-AzaC stimulating maximal stem 

elongation for both. However, 7B m s ,  regardless of 5 - k a C  concentration, at a PAR of 1 15 

pmol photons m"- s" exhibited greater stem length means, as well as greater stem length 

variability, than those cultured at a PAR of 143.1 pmol photons m" s". Figure 4.4 is a 

photograph of 1 D ramets (2468 m. asl) representative of the effects of 5-AzaC treatments, 

while figure 4.5 presents the stem elongation data for the 1D rarnets. These data illustrate that 

1 D ramets cultured at a PAR value of 143.1 pmol photons m" s" showed maximal stem 

elongation with 10 @lS-AzaC treatment, while ramets grown at a PAR of 115 pmol photons 

md2 s-' had maximal stem growth at 25 plkl 5-AzaC. In addition, I D  rarnets grown at PAR 

values of 143.1 pmol photons m" s-I showed more stem elongation at 10 pM 5-AzaC than 

those grown under a PAR of 1 15 p o l  photons m-2 s-', while those at 25 jM 5-AzaC and PAR 

of 143.1 p o l  photons m" s-' had about the same stem lengths as those grown in a PAR of 1 1 5 

pmol photons mJ s-' at 25 pM 5-AzaC. Furthennore, when comparing the effect of 5-AzaC 

on the 1 D ramet s grown at 143.1 versus 1 1 5 pmol photons rn-' s-' (figure 4.5), we saw a 

difference in response. This being that those ramets grown at a PAR of 143.1 p o l  photons 

m'2 s-', in general, had longer average stem lengths than those grown under a PAR of 1 15 pmol 

photons m-2 s-I. Stem lengths of 1 D ramets grown under a PAR of 143.1 pmol photons m" s-I 



Fig 4.2: Photograph of the prairie ecotype (7B) ramets (13 10 m. asl) grown for 14 days under 

treatment concentrations of 5-AzaC. Ramets were grown under LDW conditions with a PAR 

of 1 i 5 p o l  photons m"s" and a R/Fr ratio of 3 -70. Treatment concentration were 0, 10,25, 

50,75 and 100 jM 5-AzaC. 





Fig 4.3: The effect of various concentrations of 5 - A d  upon stem elongation in the prairie 

-type of Stellma 1cwqgip.s (78, 13 10 m. asl) grown for 14 days under LDW conditions, with 

a RlFr ratio of 3.78 or 3.70, and a PAR of 143.1 or 1 15 pmol photons mm2 s", respectively. 

Concentrations studied were 0, 10, 25, 50, 75 and 100 pM 5-AtaC. Error bars represent 

standard error values for 10 to 20 ramets measured. 
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Fig 4.4: Photograph of alpine ecotype (ID) ramets (2468 m. asl) grown for 14 days with 

various treatment concentdons of 5-AzaC- Ramets were grown under LDW conditions with 

a PAR of 1 15 p o t  photons rn'*s-' and a WFr ratio of  3 -70. Treatment concentrations were 0, 

10,25,50,75 and 100 pM 5-AzaC. 





Fig 4.5: The effect of various concentrations of 5-AzaC upon stem elongation in the alpine 

ecotype of S t e l h a  lmgijxs (1 D, 2468 m. asl) grown for 14 days under LDW conditions, with 

a R/Fr ratio of 3 -78 or 3 -70, and a PAR of 143.1 or 1 15 pmol photons m-' s*', respectively. 

Concentrations studied were 10,25, 50,75 and 100 $A 5-AzaC. Error bars represent standard 

error values for 20 or 10 rarnets measured respectively. 
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for 5 days was also examined (see figure 4.5). These latter ramets showed the same trend as 

ID ramets grown under a PAR of 143.1 p o l  photons m-* s-' for 14 days, with the exception 

that the rarnet statures were much reduced. Finally, 14 day 7B rarnet maximal stem lengths 

were greater than ID mmts, and 100 pM 5-AzaC treatments within both 1 D and 7B produced 

similar ramet lengths, regardless of PAR values. 

Figure 4.6 shows the percentage change in genomic cytosine methylation, as measured 

by HPLC, associated with 3.78 R/Fr LDW 1D and 7B ramets grown for 14 days under a PAR 

of 143.1 pmol photons m-2 s". The data confirmed that as 5-AzaC treatment concentrations 

increased, the extent of genomic cytosine demethylation also increased for both 1D and 78 

ramets. This set of results was repeated once with a similar trend. Interestingly, for each 5- 

AzaC treatment concentration, the overall extent of genomic cytosine methylation decreased 

to similar levels of methylation for both 1D and 7B ramets treated. Furthermore, according to 

figures 4.3, 4.5 and 4.6, 7B ramets required a higher dosage of 5-AzaC (75 CIM), which 

resulted in a greater degree of genomic cytosine demethylation (26%) and lower methylation 

levels (2 I%), than did 1D rarnets (10 pM 5-AzaC, 21% and 24%) in order to attain optimal 

stem elongation for the given treatments. These observations suggest that 7B requires lower 

methylation levels, and greater I d s  of demethylation, under similar growth conditions as 1 D, 

to promote stem elongation, a trend also seen in chapter 3. 



Fig 4.6: Percentage decrease in genomic cytosine methylation levels in, 14 day LDW (IUFr 3.78 

and PAR 143.1 pmol photons m-2 s-') grown, alpine and prairie ecotypes of StelIma fongipes 

( 1  D and 7B) treated with various concentrations of 5-AzaC. All numerical values below the 

bars represent the genomic cytosine methylation associated with that 5-AzaC treatment 

concentration. Treatment concentrations were 0, 10, 25, 50, 75 and 100 pM 5-AzaC. The 

control (0 @f 5-AzsC) for the alpine ecotype (1  D) had a genomic cytosine methylation level 

of 3O%, while the prairie ecotype (7B) had a value of  2PA. 





4.4 Discussion: 

5-AzadC and 5-AzaC (2-deoxyribose & ribose analogues of cytosine) are widely used 

as mechardsn-based DNA demethylation drugs (Fieldes, 1 993; H d ,  1995; Juttermam et aL , 

1 994; Klaas et al., 1989; Romani, 1998; Ronemus et aL , 1 996; and Zhou et al., 1 996). It has 

been reported that tbese agents are incorporated into a given genome during DNA replication 

and take the place of normal cytosine. Once incorporated, these drugs result in the 

demethylation of DNA directly and indirectly. Direct inhibition of methylation occurs as 5- 

AzaC, or 5-AzadC, prevents the addition of a methyl moiety to  genomic sequences it becomes 

incorporated into, which would subsequently inhibit transcription (Galaud et aL, 1993b; Jones, 

1985; and Juttermann et aL, 1994). Furthermore, the incorporation of S-AzaC, or  5-AzadC, 

results in the elimination of methyltransferase enzymes fiom the nuclear environment, thus 

indiredy intniiting further genomic methylation (Juttermann et aL , 1994: Klimasauskas a aL , 

1 994; and Santi et aL , 1984). Thus, due to  the direct and indirect method, the demethylation 

effects are greater than what may be accounted for by simple incorporation of 5-AzaC or 5- 

AzadC alone (for a complete explanation of the methodology see appendix B, or  articles by 

Juttermann et al., 1 994, Klimasauskas et al., 1994, and Santi et al., 1984). HPLC work by 

Galaud et al. (1 993b) demonstrated that in five separate treatments of 100 pM 5-AzaC in B. 

dioica seedlings, less then 5% of the 5-AzaC gets incorporated into the genomic DNA, 

however there is an accompanying demethylation of 50.8% (+/- 6.8%). Furthermore, figure 4.6 

demonstrates that with initial additions of 10 pM 5 - A d ,  a sufficiently large decrease in 

methylation for both 1D and 7B ramets is attained (21% and 18% respestively). These 
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observations are consistent with the direct and induect model as well as observations by 

Galaud et al. (1 993b). Concentrations above 10 pM 5-AzaC, however, only result in small 

incremental decreases in methylation, which may be attributed to the direct model and greater 

levels of 5-AzaC incorporation. Similar studies by Klaas et aL (1989) demonstrated that 

elevating 5-AzaC treatments only resulted in staall increments in demethylation, with a maximal 

reduction in methylation level to 1/3 those of cuntrols, a value similar to that seen in figure 4.6. 

Figures 4.3 and 4.5 show the effect of different concentrations of 5-AzaC and PAR 

values upon the stem elongation of 7B and ID ramets under R/Fr ratios of 3.7, respectively. 

From figure 4.5, it is evident that those 7B ramets grown under a PAR of 1 43.1 pnol photons 

m-2 s-' are shorter and show less variation, than those grown under a PAR of 1 15 pmol 

photons m-* s-', regardless of 5-AzaC treatment. A possible explanation for this observation 

may be that the height plasticity response in the S. iongri)es prairie ecotype (7B) could be an 

adaptation to competition for light quantity (PAR) shade avoidance within the prairie natural 

habitat of the Chain Lakes area (Emery et al., 1994b). As a result, plants which are growing 

under lower PAR values, as with lower R/Fr ratios, may be taller due to shade avoidance 

response. In addition, the greater degree of variability (as seen in size of standard errors) for 

the 7B rarnets under the lower PAR may reprwent selective pressure and fitness differences 

within the 7B genotype as the ramets compete fbr more light (Emery et al,  1994b). Other than 

PAR shade avoidance differences, the general growth trend for 7B ramets is the same with 

W m a l  elongation occurring at 75 ph4 5-AzaC regardless of PAR treatment, suggesting that 

dernethyiation may not be linked to PAR shade avoidance, Like it is for WFr shade avoidance 

(chapter 3). However, 75 JAM 5-AzaC treatments resulted in greater genomic demethylation 
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than controls, and also resulted in greater stem elongation, thus suwesfhg that demethylation 

is involved in influencing general stem elongation in the prairie (78) ecotype. 

The 1D ramets in figure 4.5, on the other hand, show more stem elongation with higher 

PAR values. This may be due to the alpine ID -type not having to compete for light quantity 

as much as 7B7 but rather it has to deal with wind stress under natural growth conditions on 

top of Plateau Mountain (Emery et al, 1994b). Furthermore, as the 1 D ramets were grown in 

a growth chamber in the absence of wind stress, as were the 78 ratnets, the greater stature 

associated with higher PAR values may be attnied to a greater rate of photosynthesis in these 

1 D treatments. However7 the optimal 5-PuaC concentration which promotes maxhd stem 

elongation under the 2 PAR values is different. ID ramets grown under higher PAR values 

require less 5-AzaC, thus higher methylation levels, than those which grew under lower PAR 

values. This &sewation could be linked to a smaller degree of shade effect, where lower PAR 

grown plants need to produce more photosynthetic pigments and leafbiornass/surEace area in 

order to  capture adequate energy to survive, which is consistent with the broader leaves 

associated with lower PAR values in 1 D ramets (personal observation). Finally, based upon 

figures 4.5 and 4.6, chemical demethylation of 1D ramets is suflicient to promote stem 

elongation in comparison to untreated controls, just as it is for prairie 7B ramets. 

An interesting trend emerges from figures 4.3, 4.5, and 4.6 regardless of the PAR 

treatment. 7B rame!ts require a higher dosage of 5-AzaC7 thus a lower level of genornic cytosine 

methylation, than do 1 D ramets in order to promote maximal stem elongation. This trend is 

consistent with table 3.1 where 7B ramets at day 4 of LDW had lower levels of genomic 

cytosine methylation then their shorter 1 D counterparts under similar growth conditions. This 
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lower extent of genomic cytosine methylation necessary for initiation, and promotion, of 7B 

stem elongation may be due to more genes needing to be expressed or active under normal 

growth conditions in order for 7B ramets to successfully compete and survive in a more 

variable prairie habitat (Emery et aL, 1994b)- However, in both PAR cases, as the dosage of 

5-AzaC incmses past optimal levels which stimulate stem elongation, both 1D and 78 ramets 

show a decrease in stern lengtbs, which is comparable within the ewtypes. This would suggest 

that excessive levels of demethylation, as in the case of the dwarf maize (Sano et d., 1989), 

may result in too many genes being expressed and thus stunted stem elongation. 

The toxicity of 5-AmdC in mammaiian cells has been attributed to its inhibitory effect on 

DNA methylation, thus resulting in generalized gene expression (Juttermann et al., 1 994). The 

concept of generalized gene expression may be inferred as the main reason toxicity is also 

observed in plant systems with 5-AzaC treatment. Klaas et al. (1 989) demonstrated that the 

optimum 5-AzaC dosage in suspension cultures of tobacco cells x.vas in the range of 1 to 10 

while concentrations in the range of 100 pM resulted in 500/6 cell death. Studies by Haaf 

(1 995) have reported that severe cytotoxic effects require greater than 100 p M 5 -  AzaC. Bum 

et al. (1993) illustrated that concentrations of 5-AzaC in the range of 250 pM as being 

optimum for bolting and flower development in Arabihpsis tholiana and ThlaJpi mense, 

while higher concentrations where inhibitory do to nonspecific toxic effects. Galaud a al. 

(1 993b) reported that 5-AzaC levels less then 100 pM showed no significant effect on stem 

elongation in R. dioica seedlings, while levels above 100 @4 generally caused plant necrosis. 

Based upon these reports, and the observation that 5-AzaC concentrations above 150 p M  

inhibited root development in rarnets of S. longips in media grown conditions (figw 4. I), in 
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this study 5-AzaC concentrations were limited to values below I50 in order to avoid 

cytotoxic effects. Thus it may be concluded that the reduction in stem statures for ID and 7B 

ramets above 10 - 25 phd and 75 )IM 5-AzaC, respectively, is due to generalized/non-direaed 

gene expression and not cytotoxic d k t s .  Therefore, it is possible that generaiized/non-directed 

gene expression is detracting energy and resources fiom stem development, and thus inhibiting 

stem elongation at greater than optimal 5-AzaC levels. Furthermore, similar studies by Sano 

et a1 (1989) suggested that dwarf- maize has 8% less rndC content compared to the tall variant, 

and that 3 day imbibed tall maize seeds exposed to 300 pM 5-AzaC for 1 6 hours exhibited a 

28% reduction in plant height and an observable reduction in methylation (Sano et d, 1989). 

Based upon the above, it is conchrded that the 7B prairie ecotype requires a lower over- 

all value of genomic cytosine methylation, higher dosages of 5-AzaC, and a geater extent of 

demethyIation, than the 1D aipine ecotype does in order to promote and trigger stem elongation 

(as seen in Table 3.1, Figure 4.3, 4.5 and 4.6). Also, in both ecotypes, any environmental 

conditions which stimulates a small degree of demethylation should promote, while conditions 

which result in excessive levels of demethylation should inhibit, stem elongation. This idea 

suggests that there is a delicate balance beween environmentally induced demethylation levels 

which promote and inhibit stem elongation. Thus, it may be suggested that both alpine and 

prairie ecotypes of S. longipes very carehlly utilize genornic cytosine methylation levels to 

control and trigger stem elongation initiation associated with environmental influences. 

However, the prairie -type does not rely upon demethylation to overcome PAR related shade 

effects by stem elongation, while the alpine ecotype may utilizes demethylation in order to 

increase photosynthetic appantus in order to ovacome PAR shade e&as. AU of these points, 
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together, suggest that environmentally mediated shade effects can affect genomic methylation 

levels, and the extent themot: which in turn moddate shade avoidance behaviour, and perhaps 

the degree of stem elongation observed, within the two ecotypes studied. 



Chapter V: Polyploidy h d s  rod Methylation 

5.1 Introduction: 

Regev et a/. (1998) initially proposed two plausible hypotheses for the role of DNA 

methylation. Tbe first hypothesis suggested that DNA methylation is primarily associated with 

Iarge genome size, and functions as a means to  suppress expression of repetitive genomic 

sequences and newly introduced genomic parasites. Bestor (1990) went even hrther and 

suggested that DNA methylation is a general repressor of endogenous repeated sequences and, 

eventually, of tissue specific genes. Thus, larger more complex genornes should exhibit higher 

degrees of DNA methylation Regev et ah (1 998) second theory for phytogenetic distribution 

of DNA methylation focuses on the correlation between methylation and the mode of 

development, particularly with the amount and rate of cell turnover. This theory suggested that 

organisms with slow cell turnover and short life spans make less use of DNA methylation, and 

the methylation dependent cell memory system, than organisms with the opposite 

characteristics. Based upon these two theories, Regev et a/. (1998) m out to collect all the 

known data for genome size, cdl turnover rate and gemrnic mahylation levels in invertebrates, 

crustamam, annelids and platyhehbthes in publication. Based on this literature search, it was 

concluded that there is no clear relationship between genome size and the presence or extent 

of DNA methylation, however, there is a good comlation between DNA methylation and cell 

turnover rates in animal systems (Regev et a/., 1998). 

As plants can live relatively normally, phenotypically speaking, at various polyploidy 
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levels, unlike animals, this introduces an interesting question to study. What effect, if any, does 

ploidy play upon genomic -on levels vhhin a given plant species under normal growth 

conditions? Do octaploids have higher levels of methylation associated with similar growth 

conditions than do tetraploids which in turn have more than diploids? Would octaploids and 

tetraploids of a given species, with higher gene/chromosome copy number, exhibit lower 

amounts of genomic cytosine demethylation associated with the trigger for stem elongation 

than would diploids of the same species? 

S iongipes provides a unique system in which to study these questions, as members of 

this species can exist as a diploid, tetraploid or octaploid. It is hypothesized that a diploid will 

exhibit a far lower total genomic cytosine methylation level than would a tetraploid, or an 

octaploid. Based upon work in chapter 3, it may also be hypothesized that those plants with 

higher levels of methylation under SDC, which is day 0 of LDW, will also exhibit a higher level 

of genomic cytosine methylation at day 4 of LDW treatment. 

5 -2 Methods and Materials 

5 -2.1 Plant Material and Growth Conditions: 

Diploid (3681 from Wyoming), temploid (ID and 78) and octaploid (4806 from 

Wyoming and 5 10 1 fiom Ontario) genotypes of S. IoWpes were utilized for this study. All 

genotypes collected were clonally propagated and maintained in growth chambers under SDC 

conditions for a minimum of 60 days to sirnulate winter like conditions before LDW treatments. 
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5 -2.2 Light Treatments: 

At the conclusion of the SDC treatmems, one pot of each genotype (368 1, l D, 7B, 4806 

and 5 10 1) was placed in a LDW growth chamber with a high IUFr light ratio (3.78) and a PAR 

value of 143.1 -1 photon m'* s-'. Tissue samples consisting of the top two nodes of material 

from 15 ramets of each genotype were harvested for HPLC analyses on days 0 and 4. DNA 

extractions and HPLC analysis was conducted as outtined before- 

5.3 Results: 

Table 5.1 shows the percentage methylation associated with day 0 and 4 of LDW 

treatment (PAR 143.1 pmol photons m*' P' and R/Fr ratio of 3.70) for diploid, tetraploid and 

octaploid getlotypes grown for 60 days under SDC conditions. From the table it is evident that 

at the conclusion of SDC treatment (day 0 LDW), the octaploid genotypes had the highest level 

of methylation (34% and 34% for 5101 and 4806 respectively), the tetraploids were 

intermediate (30% and 28% for 1D and 7B respectively), and the diploid had the lowest (2 1% 

for 368 1 ). This trend was also seen on day 4 of L.DW treatmmt where the diploid had the 

lowest methyiation and percentage reduction in methylation in comparison to day 0 LDW (19% 

and 8% respectively), while the tetraploids were intermediate (27%, 12% and 23%, 17% for 

1 D and 7B respectively) and the octaploids were the highest (27Y0, 2 1% and 28%, 18% for 

4806 and 5101 respectively). This trend was also seen in the percentage change (day 4 minus 

day 0 LDW). Intenshgiy, the percentage change of the tetraploids was more than double that 

of the diploid, while the octaploids were less than double that of the tetmploids yet more than 
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triple than that of the diploids. 

5.4 Discussion: 

Bestor (1990) argued that DNA methylation became a general repressor of endogenous 

repeated sequences and eventuaily tissue specific genes. Work by Ganler and Riggs (1983), 

in the mammalian system, pointed to DNA methylation as being responsible for silencing 

multiple copies of a given chromosome, such as the mammalian X-chromosome. Since then, 

reports suggesting extensive levels of methylation of interspersed repetitive elements of plant 

DNA (Bemetzen et ai., 1 W4), and their lack, or very low level, of expression (Avramova et 

al., 1995) fiuther strengthen the theory that plants may also maintain repetitive elements of their 

genome, be they endogenous or chromosomal, silent for the most part by methylating them. 

The resub in table 5.1, in tight of the above ideas, suggest that as ploidy levels increase 

in the S longipes system, or any plant system in general, so does the extent of genomic 

methylation. This implies that not only are multiple copies of a given gene, or repetitive 

sequence, being silenced by methylation, but that multiple copies of a given chromosome may 

also be silenced by cytosine methylation resulting in elevations in genomic methylation levels. 

Furthermore, these findings do  not necessarily contradict Regev et aL's (1998) theory that 

methylation is primarily associated with systems where the genome is rapidly turning over, as 

all members of S. iongrpes would demonstrate rapid rates of dl turn over under similar growth 

conditions and stages of growth (Choung, 1998). What these data suggest is that within plant 

species as chrotmsome copy number inaeafes, h level of genomic methylation also increases 
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in order to silence redundant multiple copies, thereby minimizing the effects of muitiple copies 

upon host day-to-day biology (Bennetzen and Kellogg, 1997). 

As a result, it can be concluded that the main role for methylation in all Living systems is, 

as Regev et al. (1 998) suggested for the most pan, for the purpose of cell memory in organisms 

with rapid cell turn over. However, to a very small extent in animal systems, and perhaps a 

greater extent in p h t  systems, Inethylation is also associated with large genome sizes in order 

to suppress multiple copies of chromosomes, and chromosome related gene copies. If such a 

repression does not occur, multiple chromosome copies would destroy the internal biochemical 

balance necessary for normal plant phenotypic growth, as well as cell and tissue 

developrnent/specialkation as shown by genome wide demethylation experiments by Finnegan 

et a!. (1 %), Kakutani ef al. (1 996), ,Sam et al. (1 989 and 1 990), and chapter 4 of this thesis. 



Chapter VI: Conclusions 

Based upon the results of this thesis, it may be usem to use day 4 of LDW as a tool to 

gage the extent of physiological changes and demethylation, at the genome level, associated 

with the initiation of stem elongation. The main reason for this being that day 4 of LDW 

demonstrated the greatest degree of genomic cytosine dernethylation which occurs at a time 

when cell division is low, and stem elongation is just beginning (Choung, 1998; Emery et al. 

1 994a; and Radn and Cedar, 1 99 1). 

Furthermore, previous studies have shown that over the North American species range, 

populations of the alpine tundra S. longipes exhibit divergent patterns and lower amounts of 

plasticity than plants of the prairie montane and boreal forests (Macdonald and Chinnappa, 

1988, 1989). The findings of this thesis suggests that a part of this obsewed reduction in 

plasticity could be Linked to genomic cytosine methylation levels associated with SDC growth 

conditions, and the extent of reduction in methylation by day 4 of LDW before stem elongation 

is initiated. Specifically, alpine ecotypes demonstrate an overall higher level of genomic 

cytosine methylation in SIX: and by day 4 of LDW when the trigger for stem elongation may 

occur, in comparison to prairie ecotypes which have lower methylation values under both 

treatment times. In addition, low R/Fr shade results in much lower methylation levels in the 

taller prairie ecotypes than in the shorter alpine ecotypes by day 4 of treatment, which is also 

seen within the emtypes when comparing shorter-high and taller-low WFr tight treated mets .  

This would suggest that low WFr shade r d t s  in greats amounts of genomic demethylation, 

thus yielding more genes being actively expressed in the shaded ecotypes (Boyes and Bird, 
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1991; Klass et al, 1989; and Regev et al, 1998). This would perbps results in shaded ramets 

growing taller due to more metabolic activity which may provide both cell numbers and 

building blocks for stem dongation A sirnilar argument can be made explaining why the prairie 

ecotypes with lower day 0 and 4 LDW methylation levels are taller than the alpine ecotypes 

under similar growth condition. Thus, by virtue of lower methylation values, and greater R/Fr 

shade demethylation response of, the prairie ecotypes may be taller and more plastic in their 

shade avoidance and stem elongation response than alpine ecotypes. 

Next, since the alpine PM 1 -I and PMROIB- 10 genotypes are only separated by an 

elevation of 487 m (PM I -I being on top of Plateau Mountaia, and PMRO 1 B- I 0 king at the 

base along a run-off stream), and are estimated to be closely related (chapter 2), the obsefved 

greater degree of stem elongation and shade avoidance plasticity of the PMRO 18- 10 genotype 

may be linked to methyhion levels. In particular, PMROlB- 10 ramets demonstrated lower day 

0 and 4 LDW methylation levels, regardless ofR/Fr treatment, than the P M  1 -I ramets did under 

the same conditions. Thus, the PMROIB- I0 genotype ramets are perhaps taller than PMI -I 

as they have more genes being actively expressed due to lower methylation levels. Furthermore, 

it should be noted that the environment on top of Plateau Mountain may be less variable than 

that found at the base of its run-off stream, thus accounting fbr the reduced plasticity of PMI -I. 

As a result, it may be inferred that the greater level of shade avoidance plasticity and stem 

elongation ability of PMRO 1 B- 10 may be due to lower inherent genornic methylation levels 

associated with day 0 and 4 of LDW treatment, which may be an adaptation to the more 

variable habitat found at the base of Plateau Mountain. If so, this would suggest that the 

environment can dictate long lasting changes at the genomic level, such as methylation, which 



89 

are heritable and perhaps responsible for phenotypic variations and characteristics of a given 

ecotype. 

As for PAR related shade avoidance, it is concluded that the prairie genotypes may be 

able to overcome PAR related shade effects by stem elongation which does not involve 

genornic demethylation. Furthermore, based upon the greater degree of stem length variation 

associated with 7B PAR related shade avoidance, it may be speculated that this PAR shade 

avoidance response is linked to reproductive fitness. This meaning that only the most fit 

members of the genotype will be able to compete for light effkdvely, and thus pass on their 

genes to the next generation. This would suggests that the PAR shade avoidance strategy used 

in prairie ecotypes may be linked to genetic make-up, and not genornic methylation 

characteristics. As for the alpine genotypes, on the other hand, ramets are taller under higher 

PAR values than their PA!K shaded counterparts. This observation is perhaps do to a greater 

amount of photosynthetic activity under the higher PAR treatment conditions. Ln addition, 

alpine PAR shaded plants required a higher dosage of 5-AzaC, than their high PAR 

counterparts, in order to promote stem elongation. This latter observation may be linked to 

more leafbiomass accumulation associated with lower PAR shade effects and higher 5-AzaC 

dosage which promote stem elongation. Finally, as in the case of dwarf maize (Sano et d., 

1989), excessive dosages of 5-AzaC resulted in more than optimal demethylation, which caused 

stunted rarnet statues regardless of PAR values. This would mean that greater than optimal 

levels of demethylation do not promote, but hinder stem elongation. 

Based upon the polyploid study (chapter 5), it may be concluded that the role of 

methylation in Living systems, in addition to k g  a c d  memory system for rapid cell turn-over, 
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could be a means to silence redundant gene or chromosome copies. This phenomenon may play 

a greater role in plants systems as plants can exist as polyploids, while most animaI systems do 

not survive under such ploidy conditions. This would thus strengthen the idea that excessive 

demethylation results in extreme levels of non-directed gene expression which would in turn 

hinder normal development of an organism. A good example of this idea is found in the case 

of tall maize, were demethyiatioa results in d d e d  growth characteristic comparable to the 

dwarf maize variant which normally shows lower levels of genomic cytosine methylation (Sano 

et J., 1989). Furthermore, in this thesis, greater than optimal stem elongation concentrations 

of 5-AzaC in S. longz-pes has also resulted in stunted statures, which may be due to excessive 

gene expression. 

One of the plant hormones previously implicated in 5'. longipes stem elongation plasticity 

is ethylene. An increase in the rate of gaseous ethylene production has been reported to be 

associated with stem elongation in prairie ecotypes, while low levels of ethylene production are 

associated with stem elongation in alpine ecotypes emery  et al., 1984a; Emery et ul.. 1994b). 

In most plant tissues, ACC synthase is considered to be the rate limiting step in ethylene 

biosynthesis (Kende, 1993; and Woeste et al., 1999). Work by Kathiresan et al. (1998) 

demonstrated that the LDW variants of the ACC synthase gene are turned on in both alpine 

(ID) and prairie (7B) ecotypes within 48 hours after transfer tiom SIX to LDW conditions. 

Once turned on, ACC synthase in alpine plants remains expressed for 14 days, whife in the 

prairie plants it remains expressed for 24 days (Kathiresan et al., 1998). Furthermore, Emery 

er ul. (1 994a) and Katherisan et a!. (1996) reported that gasmus ethylene levels in the S. 

longips system begins to increase a few hours after the ramets are transferred 6om SIX to 
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LDW conditiow indicating that there is a rapid advation of the ethylene biosynthetic pathway. 

This rapid activation of ACC synthax gene expression, within the first 48 hours in LDW, is 

probably associated with the preliminary 2% demethylation (see Figure 3. l a  and b). As stem 

elongation in both alpine (ID) and prairie (7B) does not begin until greater levels of 

demethylation occurs on day 4 of  LDW, it may be concluded that ethylene is not the only 

trisger needed to promote mardmal stem elongation This means that some other gene 

system(s) or  fictors are necessary, in addition to those involved in ethylene biosynthesis, to 

finally turn on stem elongation on day 4 of LDW in the S. 2ungi@es system- 

In the -, in order to determine which gene products are being activated, and when, 

after ramets are tranderred fiom SDC, 2 dimensional protein electrophoresis experiments will 

need to be conducted. Once novel protein bands are detected in comparison to those proteins 

at day zero LDW, bands will have to be isolated and protein N- and C- terminals sequenced. 

Then, based upon the sequence, PCR primers must be prepared and the gene cloned f?om 

genomic DNA, sequenced, and than identified fiom a gene bank. This work will provide more 

information as to which genes may be being activated by day 4 when stem elongation is 

initiated. 

It has also been reported that growth hormones such as 2,4-D, a common component of 

plant tissue culture media, causes a dramatic elevation in genomic methylation levels. For 

example, Phillips ef a2 (1994) reported that a 2,4-D increase fiom 0.4 to 2 ug/mL in carrot 

tissue culture mdted in a rise in methylation 6om 16% to W/o in a matter of five days. Similar 

observations have been noted for the auxin IAA. Furthermore, it has been reported that the 

herbicidal mode of action of 2-4-D involves a g d  elevation in transcription activity (Phillips 
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et al., 1994). However, fhrther research is needed in the area of cytosine methylation effects 

of hormones, such as 2,4-D an others, and other media components as very little is evident in 

the literature. Based upon this thesis, S. longips may provide a good model system to study 

the effects ofother hormones on genomic methylation and tissue development, be it stem 

elongation or root development. 

An interesting p in t  which should be noted regarding cytosine methylation is that altered 

levels of DNA methytation have been reported to be linked with chromosome breakage. Phillips 

et al. ( 1994) discussed that heterochromatinization of chromatin has been associated with 

increased levels of methytation, and that greater methylcytosine levels has been identified with 

isolated nucleosomes that contain histone H 1. As histone H 1 is involved in chromosome 

condensation, it is conceivable that increased levels of methylcytosine could delay the 

progression of DNA replication, and thus yield anaphase bridges, chromosome breakage, and 

rearrangements. These events could contribute to altered phenotypic character and mutation 

in non-sexual cell division cycles. On the other hand, there have also been reports implicating 

decreases in methyiation resulting in nondisjmction of chromosomes in rye (Neves et al., 1992) 

and Neurospora (Foss et al., 1 993). Neves et al. ( 1 992) reported that incorporation of 5-AzaC 

in germinating rye seedlings resulted in chromosomal non-disjunction, as evidenced by root tip 

chromosomal counts. Foss et al. (1993), with the use of mutations in several genes required 

for DNA methylation, demonstrated that DNA methylation is necessary for normal 

chromosome segregation. In these latter cases, maintenance of DNA methylation rather than 

DNA replication could be the step which has gone wrong, thus giving rise to chromosome 

nondisjunctiodbredcage events. Regardless, S longipes may also provide a good sttidy system 
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to  study the eEects of methylation on chromosomal non-disjunction associated with mitosis. 

F i ,  based upon the nsuhs of tbis thesis, it may be concluded that plant environments 

may influence plant phenotypic plasticity characteristics by modulating genomic methylation 

leveIs. Furthermore, there must be a delicate balance between the levels of demethylation which 

promote growth and development, such as shade avoidance stem elongation, and those which 

inhibit development. Also, as in the case of the two alpim genotypes, DNA methylation 

differences which become heritable, may be one of the first steps which result in evolutionary 

phenotypic differences which may result in diEerent emtypes initially, and species eventually. 
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APPENDIX A: 5-Azacytidine versus 5-Aza-Zdeoxycytidine versus 5-Azacytosine 

An early study conducted by Klaas et ai (1989) attempted to establish what type of 

chemical would be a good in vilro agent to stimulate genomic demethylation and subsequent 

gene expression of methylated T-DNA oncagenes responsible for auxin and/or cytokinin 

biosynthesls in suspetlsion cultures of tobacco cells. Ln this study the chemicals tested were 5- 

azacytosine (5-AzaCyt, the pyrimidine ring), 5-azacytidine (5-AzaC, a ribose sugar based 

nucleoside), and 5-am-2-deoxycytidine (5-AzadC, a Zdeoxyribose sugar based nucleoside). 

In general, this study illustrated that 5-AzaC and 5-AzadC where both effective at promoting 

phytohormone-independent growth of tobacco suspension cultures at concentrations ranging 

£kom 0.1 to 1 00 uM, while 5 - M y t  was in-effective (KIaas et al, 1 989). However, this study 

also demonstrated that 5-AzaC was the most effective activator of the T-DNA in the tobacco 

suspension culture system as it was effective at a much lower dosage then 5-AzadC. A more 

recent study by Galaud et al (1993b) came to a similar conclusion, in that 5-AzaCyt was 

ineffective, while 5-AzaC was effective, at inducing both inhibition of stem elongation and 

demethylation of genomic DNA in the B y n i a  dioica plant system at concentrations of 100 

uM. These r e d  were reported to be unexpected as studies on animal cells demonstrated that 

5-AzadC was a more effkctive demethylation agent and gene activator then 5-AzaC (Klaas et 

a/, 1989). Based upon these conflicting results, it may be logical to suggesting that 5-AraC is 

the tool of choice for chemical mediated genomic demethylation in plant systems. Regardless 

of which works better in which system, this demethylation of DNA by 5-AzaC, or 5-AzadC, 

has been curdated with the induction of mmaiption in a number of gene systems, non-active 



and othenvise, in plant and animal systems (Klass et al. 1989). 

APPEND= B: Mode of 5-AzaC activity and toxicity 

Both 5-AzadC and 5-AzaC are widely used as mechanism-based DNA methylation 

inhibitors in order to induce cellular de-differentiation and gene expression (Haaf, 1995; 

Juttermann et al, 1994; Klaas et al, 1989; and Romani, 1998). It has been reported that the 

drugs are incorporated into DNA and thus exert their biological effects (Jones, 1985; apd 

Jutterrnann et al, 1994). Treatment of plant and animal cells with these residues results in the 

demethylation of DNA directly by the incorporation of the anafogue in place of normal cytosine 

residues during DNA replication (Galaud et af, 1993b; and Jones, 1985), and indirectly by 

inhibition ofthe action ofthe m e d @ t m & i  enzyme (Santi et al, 1984). Thus, demethylation 

of the genome by 5-AzaC and 5-AzadC occurs in a chemical directed, and induced manner. 

Both the directed and induced models for genornic DNA demethylation require that the 5- 

AzaC, or 5 - h d C ,  analogue be incorporated into the DNA- 

The directed mode of DNA d d y i a t i o n  occurs after the 5-AzaC, or 5-AzadC, residue 

is incorporated into the genome and the structure of the pyrimidine ring of 5-AzaC, or 5- 

AzadC, comes into play. Figure B.1 illustrates the structural formulas for cytosine, 5- 

azacytosine, cytidine, 5-AzaC and 5-AzadC. The key thing to focus on, which prevents 

cytosine methylation (mv), is position five of the cytosine and 5-azacytosine ring. The normal 

cytosine ring has a carbon atom at the number five position, with a hydrogen atom covalently 

bonded to it, and a single and double covalent bond with carbons 4 and 6 respectively. 

However, the 5-azacytosine residue has a nimgen atom at the number 6ve position, with a lone 



Figwe B. 1 : The Chemical Structures of cytosine, 5-azacytosine, cytidine, 3-deoxycytidine, 5- 

azacytidine and 5-aza-2deoxycytidine. 



Cytosine 

Cytidine 

Sazacytosine 



pair, and a single and double covalent bond with carbons 4 and 6 respectively. The substitution 

of a nitrogen atom, with a lone pair, at the number five position of the normal cytosine ring, 

thus giving rise to the 5-azacytosine analogue, effectively eliminates the ability to add a methyl 

group to the number five position of the 5-azacytosine (Juttermann e! a/, 1994). For this very 

reason, 5-AzaC and 5-AzadC also can not be methybed as t h y  both contain the 5-azacytosine 

pyrimidine ring. Thus by incorporating 5-AzaC or 5-AzadC (the 2deoxyribose analogue of 5 

AzaC) into the genome, one can chemically induce demethylation of the genome directly. 

Once incorporated into the genome, 5-AzaC and 5-AzadC arnplfi their demethylation 

effect further via an indirect or induced mechanism. In order to understand this, one must focus 

on the chemistry of the normal cytosine methylation reaction (Fig B.2). In order to methylate 

the normal cytosine residue, the methyltransfimse enzyme (MTase) must covalently bind to it 

via a nucleophilic attack at the C-6 position of the cytosine ring by a cysteke thiolate in the 

MTase active domain (Juttermann et af, 1994). Once the MTase is bound to the C-6 position 

of the cytosine ring, a nucleophilic attack at C-5 can occur by the methyl group of the S- 

adenosylmethionine (SAM) methyl donor, resulting in transfer of the methyl group fiom SAM 

to the C-5 of the cytosine residue in question (Juttermann et af, 1994). The resulting 

intermediate between the cytosine and the MTase bound is reported to be resolved by P- 

elhination ofthe enzyme at C-6 with abstraction of the hydrogen fiom C-5 (Ktimasauskas et 

al, 1994). When 2d8oxycytidine is replaced with either 5-AzaC or 5-AzadC, the C-6 of the 5- 

azacytosine residue also reacts with the cysteine thiolate of the MTase to form a 5,6- 

dihydropyrimidine adduct as above. In contrast to normal cytosine, the MTase remains 



Figure B.2: (A) Reaction mechanism of cytosine Methyltransferase. It was shown in the 

bacterial system that DNA cytosine-5-methylatransferases form a covalent intermediate with 

cytosine within the DNA during the catalytic reaction (Juttermam et d., 1994). This 

intermediate is generated by a nucleophilic attack on the c-6 position of cytoske a cysteine 

residue within the enzyme. The activated C-5 of the cytosine then attacks the methyl group of 

S-adenosyhethionine which subse~uently is added to C-5, followed by the de-protonation of 

the C-5 and release of the enzyme by p-elimination. (B) Proposed mechanism when 2'- 

deoxycytidine is replaced by the analog 5-AzaC or 5-AzadC. The Methyltransferase is trapped 

in an inactive intermediate. 
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covalently bound to the 5-AzaC, or 5 - M C ,  under physiological conditions as the number five 

position in the 5-Azacytosine can not be methylated. This inability to dissociate results in 

decreasing the cellular concenttation of MTase (Santi et al, 1984), which &ectively leads to  

indirectly increased genomic dernethylation. For example, HPLC work by Galaud el ul ( 1 993b) 

demonstrated that in five separate treatments of  100 pM 5-AzaC of Bryoia  dioica seedlings, 

Iess then 5% of the 5-AzaC gets incorporated into the genomic DNA, however genomic 

methyiation is decreased by 50.8% (+/- 6.8%) in comparison to the controls. 

Furthermore, Juttennann et al (1994) conducted a study in order to establish the 

mechanism of 5-AzadC, and 5-AzaC, toxicity in cells and animals. It was postulated in this 

study that if demethylation of gemomic DNA is the primary cause of drug toxicity, then cells 

expressing reduced levels of MTase should be more sensitive to  the 5-AzadC residue then 

normal cells. However, if the covalent binding of the MTase to 5-AzadC substituted DNA, 

rather then genomic DNA demethylation, is the main cause of drug induced toxicity, then cell 

lines expressing lower levels ofMTase should be more resistant to 5-AtadC. The results o f  this 

study suggested that cells with reduced levels of MTase are significantly more resistant to 5- 

AzadC induced growth inhibition than cells with normal MTase levels. Furthermore, it was 

reported that inhibition was par&lei to  MTase levels, thus infetfing that the MTase binding, 

rather than genomic DNA demethylation via 5-&adC incorporation alone, mediates cellular 

drug toxicity (Jutterrnann et al, 1994). 



APPENDIX C: Demethylation Reports and Phenotypic Abnormalities 

Work by Bum et al(1993) reported that Nicotiana cells exposed to 100 pM Aza-c for 

4- or 9- day treatments demonstrated a 37% or 55% reduction in methylated cytosine, 

respectively, where as vernalization reduced the level by 22%. Klaas et ai ( 1989) demonstrated 

that tobacco suspensions cultures grown in 4 pM 5-AzaC for 3 weeks demonstrated a 

reduction of m C  to 2 1.3%, a value 2/3 that of untreated controls. Work by Gdaud el al 

(1993b) demonstrated that in five separate treatments of 100 5-AzaC of Bryortia dioica 

seedlings, resulting in dernethylation by 50.8% (+/- 6.8%) in comparison to the controls, the 

plants demonstrated general growth inhibition such as small leaves, short roots and short 

internodes. 

A study conducted by Fimegan et a / (  1 996) in Arclbidopsis plants transformed with an 

antisense construct of METI cDN& the met hyltransferase specific to Arabzdopsis, showed 

both a reduction of genomic methylation and an increase in phenotypic plant abnormalities. 

More specifically, methylation levels decreased to levels as low as 1W to 1 0 W  of the wild 

type plants in the anti-METI transformants, and the extent of demethylation was dose specific 

and heritable (Fimegan et al, 1996). Furthermore, studies by Finnegan et a1 (1996) and 

Kakutani et al(1996) reported that reductions of methylation by 35 - 70% in Arabidopsis 

resulted in morphological abnormalities in both vegetative and reproductive structures. The 

abnormal plants were reported to have reduced stature, smaller rounded leaves, leaves with 

margins rolled up, loss of apical dominance, decreased fdLity, and shorter roots ( F i ~ e g a n  et 

a!, 1996; and Kakutani et ai, 19%). Individual transforment plants displayed a variability in the 
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severity of abnormal phenotypic chuacteristics expressed, however, the magrutude of abnormal 

phenotype correlated almost directly with the extent of demethylation (Finnigan et a!, 19%). 

As for floral abnormalities, plants with much reduced genomic methylation displayed flowers 

with up to twelve stamens with un-fused wpels, to flowers with no petals and reduced number 

of stamens, to flowers with extra whorls of petals and sepals and no stamens (Finnigan et ai, 

1996). Sirnilar studies by Kakutar6 (1 997) with Arubidbpsis hypomethylation mutants (ddrnl), 

in addition to showing similar phenotypic abnormalities, also demonstrated a delay in flower 

onset. In summation, Finnigan et ui (1996), Kakutani et ui (1996), and Kakutani (1 997) 

concluded that plants with low levels of DNA methylation display a multitude of phenotypic 

abnormalities which suggests that leaf, root, inflorescence and floral development are all 

perturbed by abnormal reduction in genomic methylation. 




