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Genomic imprinting is an epigenetic mechanism, which leads to differential 
expression of maternal and paternal alleles. In plants, imprinting primarily 
occurs in the endosperm through variety of mechanisms and it plays a pivotal 
role in the seed development. Understanding various mechanisms that operate in 
seed development will be of immense agricultural and economical use. 

In this study, some of the maternally expressed Genes (MEGs) were studied to 
find out whether they play a functional role in seed development of Arabidopsis 
thaliana. Genes studied were AT1G19160, ATG00540, AT4G22050, 
AT5G03020 and AT5G46300.  

Reverse Transcription based sequence analysis was done for samples 
ATG00540, AT4G22050 and AT1G19160 to find out whether they were indeed 
MEGs. Maternal expression could be confirmed for AT4G00540 and 
AT4G22050, suggesting that they are maternally expressed genes (MEGs). T-
DNA insertion lines of MEGs were genotyped to determine whether they were 
homo-or heterozygous for T-DNA insertions. Heterozygous lines were 
employed in transmission analysis and homozygous lines were employed in 
interploidy crosses and expression analysis to find out their role in seed 
development. T-DNA insertions could be confirmed for AT4G00540, 
AT5G03020 and AT5G46300 and these lines were used for experiments testing 
the functional role of the affected genes. Transmission analysis revealed that the 
mutations were successfully transmitted through male and female gametes. 
Interploidy crosses of homozygous T-DNA insertion mutants with osd1-1 
revealed that one of the tested MEGs might have a role in interploidy seed 
development.  Finally a protocol was established to test the effect of siRNAs on 
imprinted expression of paternally expressed gene (PEGs). 
	  
	  
	  
	  
About	  cover	  page:	   Illustrated	  picture	  of	  an	  Arabidopsis	  embryo	   in	  heart	  stage	  showing	  
suspensor,	  seed	  coat	  and	  endosperm	  needed	  for	  the	  growth	  of	  the	  embryo.	  
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Abbreviations	  and	  symbols	  
	  
BP         Base pair 

Bur-0          Bur ecotype 

Col-0          Columbia ecotype 

DAP         Days after pollination 

DEPC         Diethyl pyro carbonate 

Ler-0          Landsberg ecotype 

MEG          Maternally expressed gene 

MQ H2O     Milli Q water 

PEG         Paternally expressed gene 

RT-PCR     Reverse Transcription PCR 

SNP’S        Single nucleotide polymorphism  

TEs         Transposon elements 

 -/-               Homozygous plant for T-DNA insertion in MEGs or PEGs 

 +/-              Heterozygous plant for T-DNA insertion in MEGs or PEGs 
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1. Introduction	  
 
“Alternation of generations” is the term predominantly used to describe life cycle of 

plants. This is because plants acquired the capacity to alternate between a haploid 

gametophyte stage and a diploid sporophyte stage during their life cycle. 

Angiosperms are generally characterized by having both female and male 

gametophytes (Yadegari and Drews, 2004). A carpel of a flower has ovules, which 

harbor female gametophytes, and fertilization occurs inside the female gametophyte. 

In the process of evolution, the female gametophytes played a critical role in 

reproductive success of flowering plants. From pollen tube guidance to the 

endosperm development and subsequent maternal control over seed development, 

the female gametophyte can be acknowledged in every step (Yang et al., 2010).  

1.1 Female Gametophyte and Fertilization 
Fertilization in flowering plants is called double fertilization and constitutes two fusion 

events inside the female gametophyte. Out of two sperm cells that are released from 

the pollen tube, one sperm cell fuses with haploid egg cell in the embryo sac to form 

the diploid zygote and another one fuses with the homo diploid central cell to form 

the triploid endosperm. 

 
              Yadegari R, Drews G. Plant cell 2004:16: S133-S141 

Figure-1. Arabidopsis female gametophyte. A-Ovule, B-Female gametophyte  

Typical structure of female gametophyte can be seen below. It has an anterior chalazal end and a 

posterior micropylar end through which the pollen tube enters and releases two sperm cells. One of 

them fuses with the egg cell and other with the central cell. (Gray area-cytoplasm, White area-

Vacuoles and Dark area- Nucleus.ac-antipodal cells; cc-central cell; ch-chalazal region of the ovule; 

ec-egg cell; f-funiculus; mp-micropyle; sc-synergid cell; sn-secondary nucleus). 
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The diploid Zygote develops by using the nutritive endosperm tissue. The endosperm 

controls the successful development of viable seeds by nourishing the embryo during 

development like the placenta in mammals. The endosperm will be not be part of the 

next generation and shows mono allelic expression in the case of some genes. 

Endosperm can either follow the cellular type or nuclear type of development. In the 

nuclear type, the endosperm undergoes multiple rounds of nuclear division to form a 

multinucleate structure called coenocyte. After several rounds of nuclear division, it 

undergoes cytokinesis (Olsen, 2004). The endosperm of most angiosperms has a 

balance of 2 maternal and 1 paternal genome (2M: 1P) ratio. Disturbances in this 2:1 

ratio cause unviable seed formation and erect hybridization barriers in plants. This is 

because mating of plants with different ploidy levels cause incompatibilities in the 

endosperm, which is called triploid block (Köhler et al., 2010 a).  

1.2 Polyploidy 
Ploidy refers to the number of chromosome sets present in the non-reproductive cells 

of an organism. Increased number of chromosome sets is called polyploidy. In plants, 

polyploidy often arises through unreduced gametes, which may happen during 

meiosis-I or meiosis-II, which is called first division restitution (FDR) or second 

division (SDR) restitution respectively (George A, 2006). An example of FDR occurs 

in the AtPS1 mutant (Arabidopsis thaliana Parallel Spindle 1) which produces diploid 

male spores due to disturbances in second division of meiosis in which 

chromosomes separated in division I are gathered in division–II (d’Erfurth et al., 

2008). In osd-I (omission of second divison-1 mutation), which leads to diploid 

gametes because of lack of second meiotic division is a typical example of SDR(d’ 

Erfurth et al., 2009). Thus the formation of polyploidy puts an immediate barrier 

among interploidy and interspecies crosses which impairs the successful mating 

between plants as crossing between different ploidy levels affects endosperm 

development and results in nonviable embryos which is called triploid block (Köhler 

et al., 2010 a). 

 

During interploidy crosses, deviations from natural 2:1 (Maternal to Paternal ratio) 

chromosome number cause abnormal affects. Increase in maternal chromosome 

number blocks endosperm proliferation, while increase in paternal number results in 

endosperm excess. This immediately suggests that a dosage sensing mechanism 
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indeed exists in the endosperm and deviations are not accepted. This is called 

endosperm balance number (EBN). It is unique to each species and serves as a 

predictor for successful endosperm development (Köhler et al., 2010 a).  

1.3 Polycomb Group Proteins and Interploidy crosses 
Polycomb group proteins (PcG) are essential identity keepers, which repress 

transcriptional programs in a cell and play a vital role in organ development. They act 

epigenetically. They apply a characteristic Trimethylation mark (H3K27me3) on 

histone H3 (Weinhofer et al., 2010). They are first identified in Drosophila playing an 

essential role regulating homeotic genes. They are evolutionary conserved high 

molecular weight complexes and also play a key role in flowering control (Henning 

and Derkacheva, 2009). For example, Fertilization independent seed (FIS) PcG 

complex essentially plays a key role in endosperm and seed development. Any 

mutations in this complex will disturb the development and activate genes, which are 

otherwise silenced by PcG complex causing seed abortion (Weinhofer et al., 2010). 

Below is a typical example showing what happens when abnormalities arise during 

interploidy and interspecies crosses. 

 
Köhler C, Mittelsten Scheid O, Erilova A. 2010. Trends in Genetics 26:142-148. 

   Figure-2. Effect of PcG dependent gene regulation during interploidy and inter species crosses 

a) In typical wild type female gametophyte, in which endosperm is formed from 2:1 Maternal to    

paternal ratio of chromosomes, most of the PcG sites are occupied by PcG proteins thus 

expressing and inhibiting respectively genes which are needed. 
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b) In a interploidy cross of 2nx4n in which several natural PcG target sites which are otherwise 

naturally bound by PcG proteins remains unbound creating a chaos and thus aborts seed 

development. 

c) In an interspecies cross due to genetic divergence, PcG proteins may not bind in first scenario 

and thus creating dosage abnormalities, which aborts seeds or, 

d) Increase of PcG targets sites may be a reason for seed abortion because of lack of PcG 

proteins to bind so many sites. 

The above example essentially underpins the important role played by PcG proteins. 

But Nowack et al., (2007) showed that viable seed develops when effect of PcG 

proteins are relived from endosperm and only embryo is fertilized but not the 

endosperm. Using a cdka; 1 mutant carrying only one male sperm cell instead of two 

and which selectively fertilizes only egg cell but not endosperm. 

 
Ohad N, 2007.Nature 447:275-276. 

   Figure-3. Fertilization and seed development  

a) In a typical normal wild-type condition, each of the two male gametes fertilize the central cell 

and haploid egg cell resulting in triploid endosperm and diploid embryo respectively, and thus 

viable seed. 

b) When a cdka; 1 mutant is used, it fertilizes only egg cell and not diploid endosperm to form 

embryo resulting in aborted seed.  

c) In the absence of fertilization event where the effect of the PcG machinery is relived from the 

central cell, there will be only a diploid endosperm and a haploid egg cell and the seed will 

abort. 

d) But as shown by Nowack et al., (2007), when the effect of the PcG machinery is relived from 

the central cell and the egg cell is fertilized with a cdka: 1 mutant, the diploid endosperm can 

support embryo growth and a viable seed develops.  

 

The successful development of the endosperm is needed for growth of the embryo 

and abnormalities will put an immediate post-zygotic barrier. This leads to a 

speciation event (Köhler et al., 2010 a). 
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Above examples critically show the importance and need to understand and decipher 

the mode of action of proteins like PcG and others implicated in the seed 

development. PcG proteins that act as transcriptional suppressors will help in 

achieving a parentally biased expression of genes. Parentally biased gene 

expression means genes are expressed from only one of the inherited parent. This 

type of expression is possible through a process called genomic imprinting (Köhler 

and Kradolfer, 2011). 

1.4 Genomic Imprinting and Mechanisms 
Genomic imprinting is an epigenetic phenomenon that operates in flowering plants 

and mammals. It works against Mendelian laws and creates diversity in gene 

expression without changing its sequence. This is possible because of various 

epigenetic mechanisms it employs (Tarutani and Takayama, 2011). The Parental 

conflict theory (Haig and Westoby, 1989) and kinship theory (Trivers and Burt, 1999) 

proposes the role of imprinted genes in plants by assuming that imprinting arises 

because of a conflict over resource allocation by the mother to its offspring and also 

that maternal genes supress nutrient allocation and paternal genes promote nutrient 

allocation.  

In mammals, after methylation marks of previous generation were removed, new 

methylation marks are applied to maternal and paternal tissues during 

gametogenesis. This job is done by methyl tranferases DNMT3A and DNMT3L. In 

the case of Arabidopsis endosperm, DNA glycosylase DEMETER (DME) then 

differentially erases methylation marks only in the central cell of the female 

gametophyte and helps in achieving differential DNA methylation. The retinoblastoma 

pathway provides additional repression by repressing methyl transferase MET1 in the 

central cell and subsequent endosperm. Thus maternal genes like MEDEA, 

FERTILIZATION INDEPENDENT SEED 2 (FIS2) and FWA use above mentioned 

mechanisms to be maternally expressed only in endosperm and corresponding 

paternal alleles are imprinted. This is because of lack of demethylation apparatus in 

sperm and egg cell (Köhler et al., 2010 b,Köhler and Kradolfer, 2011). 

 

Paternal specific expression of genes (PEGs) occurs through a different mechanism. 

In the case of paternally expressed PHERES1 (PHE1) gene, FIS PcG proteins work 

in conjunction with DEMTER (DME) mediated DNA demethylation mechanism to 
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silence maternal alleles, whereas the paternal alleles remain active. As discussed 

earlier, FIS PcG complex is needed for endosperm development and any 

disturbances cause seed abortion (Makarevich et al., 2008).  

	  
    Makarevich et al., 2008. Journal of Cell Science 121: 906-912. 

Figure-4. Mechanism of PHRESI imprinting in Arabidopsis thaliana 

In the central cell of the female gametophyte of a wild type plant, FIS-PcG complex remain bound to 

Polycomb response element (PRE) near the promoter region of PHE1 gene and differentially 

methylated region (DMR) located distantly at 3’ region is de-methylated thus blocking the expression 

of PHERES1 (PHE1) gene in the endosperm. But in pollen, methylation of DMR prevents the binding 

of FIS PcG complex and thus PHE1 is expressed paternally in the endosperm. In met1 mutants 

pollen, DMR is not methylated and thus by a yet unknown mechanism which may or may not involve 

PcG proteins, the paternal PHE allele is repressed. Alleles denoted in red color are maternal alleles 

and in blue color are paternal alleles. 

 

Small interfering RNA (siRNAs) is also proposed to play a key role in establishing 

epigenetic marks in the endosperm. Mosher et al., (2009) showed that populations of 
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small interfering RNA (siRNAs) are expressed in the endosperm from maternal 

genomes and thought to play a critical role epigenetically in seed development. 

Henderson and Jacobsen, (2007) say that siRNA may help determining exact target 

for chromatin modifications in plant genome. For example de novo DNA methylase 

DOMAIN REARRANGED METHYL TRANSFERASE 2 (DRM2) can be guided to 

target regions by siRNAs. 

1.5 Evolution of Imprinting Mechanism 
Imprinting mechanism may have evolved as a by-product of silencing mechanisms 

directed against transposable elements.  

 
Köhler C, Weinhofer-Molisch I. 2010.Heredity105: 57-63.  

 Figure-5. A Hypothetical model illustrating the evolution of genomic imprinting in plants   

 A transposon (TE) insertion in the DNA sequence neighbouring a gene is targeted for methylation in 

sporophyte stage. But during the gametophyte stage, owing to a variety of de-methylation 

mechanisms that exist in the endosperm they are de-methylated and hence assume an endosperm 

restricted function. This de-methylation also leads to production of siRNA, which help in hyper-

methylating (TE) transposon sequences in embryo and thus silencing them in the next generation. 

Thus, if the gene is needed for the endosperm development, it is retained or else it may become a 

pseudogene. 
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The endosperm is hypo-methylated because of existence of a variety of de-

methylation mechanisms. This event is followed by hypermethylation of CHH sites 

(where H may be A, C or T) in the embryo. According to studies of Henderson and 

Jacobsen, (2007) such a hyper methylation event will take place in the presence of 

siRNA. Hsieh et al., (2009) puts a connection to these events by reporting that 

endosperm hypomethylation is followed by hypermethylation of TEs in the embryo 

mediated by the siRNA.  

 

Similar studies of pollen in Arabidopsis thaliana also revealed increase in activity of 

TEs just after decreased activity of the chromatin-remodeling factor DECREASE IN 

DEMETHYLATION ACTIVITY1 (DDM1) in the vegetative cells of pollen. Transposon 

activation leads to massive production of siRNA, which can silence genes 

epigenetically in gametes (Slotkin et al., 2009). Thus, hypomethylation activity in 

germ cells leads to eventual production and methylation by siRNA, which help in 

achieving imprinted expression of genes in male and female gametes. The final 

product of fertilization, the zygote and endosperm will thus have gene expression in 

imprinted fashion (Köhler et al., 2010 b). 

 

Uncovering the secrets about various epigenetic mechanisms that exist in seed 

development and signals that act will be of extreme importance both academically 

and economically as seeds are the main sources of food worldwide.  

 

1.6 Model organism 
Arabidopsis thaliana is a small dicotyledonous angiosperm of the mustard family that 

has been first discovered by Johannes Thal (TAIR Resource, 2012). It has five 

chromosomes (NSF, 2009), which encodes approximately 26,700 genes (Roberts, 

2007). It is a self-pollinating plant and can be also easily cross-pollinated. It has a 

relatively short life cycle and can complete germination; bolting and seed set 

formation in about 6 weeks. It requires very small space and can be easily grown 

with basic light and temperature requirements. Thus with such an ease of use, it can 

be employed to study fundamental mechanisms of plants including photosynthesis, 

flowering, root and shoot development and other genetic, epigenetic and molecular 

mechanisms. The entire genome of Arabidopsis can be easily saturated with 
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mutations and thus the function of every gene can be studied. The amount of genetic 

information of hundreds of natural accessions and their availability form stock centres 

had made it an ideal choice for plant biologists (Meinke et al., 1998). 

 

1.7 Aim of the Project 
The major aim of my project was to analyze the functional role of recently identified 

maternally expressed imprinted genes (MEGs; Wolff et al., 2011) in Arabidopsis 

thaliana. For that purpose it should be tested by sequence-based studies whether the 

selected MEGs were indeed maternally expressed Imprinted genes. Furthermore, T-

DNA lines for selected MEGs should be analyzed to determine whether loss of MEG 

function impairs seed development. Plants Homozygous for T-DNA insertions should 

be analyzed to determine whether T-DNA insertions cause complete knockout of the 

genes.  

 

MEG mutants should also be introduced in to the osd1 mutant background, to 

determine the effect of MEG mutations on interploidy seed development.  

 

Finally, the study also aimed at analyzing the regulation of some paternally 

expressed genes (PEGs). For that purpose it was required to test whether PEG 

expression is modulated by the presence of TEs. 
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2. Materials	  and	  Methods	  
2.1 Plant Material 
Seeds of Arabidopsis thaliana mutants in Col-0 back ground were obtained from the 

Nottingham Arabidopsis stock center. These mutants are T-DNA insertions lines in 

Maternally Expressed Genes (MEGs). The list of these genes include: 

 

Table 1. T-DNA insertion lines used in this study 

Gene     Putative function               Insertion line        Location           MEGs  

AT1G19160       F-box family protein-related        FLAG_207H03      Promotor          ND 

AT4G00540       C-MYB like transcription factor   SALK_060602       Intron                ND   

AT4G22050       Aspartyl protease                        SALK_073392       Exon                 ND 

AT5G03020       Kelch repeat containing-  SALK_050577       Exon                Yes  

   F-box protein 

AT5G46300       unknown protein   SAIL_668_HO7     Exon                Yes 

MEG-Maternally expressed Gene, ND-Not determined 

 

Genes used in this study were previously identified in studies of Wolff et al., (2011). 

For each gene, the corresponding location of T-DNA insertion in the DNA sequence 

was mentioned along with it putative function and from which database it was 

obtained (Table 1). Also mentioned is whether genes are maternally expressed.  
 

2.2 Seed Sterilization 
Seeds of all genotypes, wild type Col-0, Bur-0 and osd1-1 were sterilized and sown 

in agar plates. 

2.2.1 Materials  

Sterilizing solution constitutes 6 ml klorine (bleach), 34 ml H2o and 15 µL Tween. 

2.2.2 Protocol 
1. Seeds were washed in sterilizing solution for 10 min in eppendorf tube. 

2. Inverting frequently mixes them. At the end of ten min they were centrifuged down 

for 1 min at 13000 rpm.  

3. Under the hood, supernatant is removed and 1 ml of sterile H2O water added.    

4. Then it is centrifuged down at 13000 rpm for 1 min and supernatant removed 

under hood. This step is repeated three times in total. 
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5.Finally, seeds are dissolved in sterile water and are sown in agar plate and placed 

under light. 

 
2.3 Growth Conditions 
Plants were grown in 16 hr light and 8 hr dark conditions at 22o C. After 10-12 days 

seedlings are transferred from agar plates to soil in green house and grown under 16 

hr light at 22o C and 8 hr dark at 18oC. 

 
2.4Emasculation and Crossing 
Accessions of Columbia (Col-0) and Bur-0 are emasculated. After two days, pistils 

were hand pollinated reciprocally to test whether remaining genes are expressed 

maternally or paternally. Siliques were harvested 4 days after pollination (DAP).  

 

2.5  RNA Isolation and DNAse Treatment 
Siliques harvested from Col-0 and Bur-0 reciprocal crosses were used for RNA  

extraction. 

2.5.1 Materials   
RNAse free tubes, DEPC treated water, Trizol, Phenol: chloroform and chloroform. 

2.5.2 Protocol 
RNA isolation 
1. About 4 siliques were harvested for Col-0xBur-0 cross and Bur-0xCol-0 cross 

repectively in to eppendorf tubes containing glass beads and flash frozen in liquid 

Nitrogen. 

2. Tissue was macerated using Silamat dentist machine twice at 6 sec each. 

3. Trizol (1 ml) was added and vortexed thoroughly to homogenize. 

4. Material was centrifuged at 12000 xg for 10 min at 4 °C to remove insoluble 

material.  

5. Homogenate was transferred to fresh tube and incubated 5 min at room 

temperature after which 0.2 ml of chloroform was added. 

6. Tubes were shaken vigorously by hand for 15 sec and incubated at room temp for 

3 min. 

7. Then samples were centrifuged at 12000 xg for 15 min at 4 °C. 
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8. RNA in the aqueous phase was transferred to fresh tube and precipitated with 0.5 

ml isopropanol and incubated at room temperature for 10 min. Then it was 

centrifuged at 12000 xg for 10 min at 4°C. 

9. Supernatant was removed and RNA pellet was washed with 1 ml 75 % ethanol 

and vortexed briefly. Then it was centrifuged at 7500 xg for 5 min at 4 °C. 

10. Pellet was air dried and dissolved in 40 µl DEPC treated water. 

 

2.5.3 DNAse Treatment 
1. Mixed the following reaction 15 µl RNA, 1 µl RNase inhibitor, 2 µl DNAse I and 2 µl 

DNAse I buffer were mixed in a eppendorf tube and incubated at 37 °C for 1 hr. 

2. Then 30 µl of DEPC treated water and 50 µl of phenol chloroform was added (1:1), 

vortexed vigorously and centrifuged at 12000 xg for 1 min at 4 °C. 

3. The aqueous phase was transferred to new tube and 50 µl chloroform was added. 

Then it was vortexed again and centrifuged again at 12000 xg for 1 min at 4 °C. 

4. The aqueous phase was transferred to a new tube and 5 µ l 3 M sodium acetate 

(NaOAc, pH 5.2) and 125 µl of 75 % ethanol was added. Then it was incubated at -

20 °C for 10 min. Then it was centrifuged at 12000 xg for 15 min at 4°C. 

5. Supernatant was discarded and pellet washed with 125 µl of 75% ethanol and 

centrifuged at 12000 xg for 15 min at 4 °C. Supernatant was discarded and pellet 

was air dried 

6. DNase treated RNA was dissolved in 13 µl DEPC treated water  

 

2.6 Measurement of Absolute Concentration using NANO DROP 
Using Nano drop absolute concentration was measured after RNA isolation as well 

as after purification with DNAase treatment. 

2.6.1 Protocol 
About 1 µl of DEPC treated water was added to initialize the instrument and then 1 µl 

of DEPC treated water was added to measure the concentration.  

 
2.7c-DNA Synthesis (RT-PCR) 
Purified RNA was used to synthesize first strand c-DNA using Fermentas kit. 

2.7.1 Materials 
Purified RNA samples, Primers, Ribo lock RNase inhibitor, Reverse transcriptase.  
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2.7.2 Protocol     
The cocktail for PCR amplification was prepared as follows: 

Template (RNA)              11 µl 

Oligo dT Primer      1 µl 

Then it was incubated at 65o C for ten min and then following components 

were added, 

     5 X buffer      4 µl 

    10 mM dNTP                2 µl 

    Reverse Transcriptase    1 µl  

 Ribolock RNase inhibitor       1 µl                            

Total                 20 µl 

  The reaction was incubated at 42°C for 1 hr and 70°C for 10 min in a thermo cycler. 

2.7.3 Agarose gel electrophoresis 
1.0 % agarose gel was prepared and casted. To 20 µl of sample, 4 µl of 6 X orange 

dye was added and 15 µl of sample was loaded in to wells. It was run for 45 min. 

 
2.8 PCR  
c-DNA synthesis was followed by PCR targeting to amplify c-DNA 

2.8.1 Materials  
c-DNA and Primers targeting Actin gene 

2.8.2 Protocol 
The cocktail for PCR amplification was prepared as follows in  

    Template (c-DNA)    2 µl 
         10X buffer      2 µl 

        10 mM dNTP     1 µl 

        Taq polymerase (5 U/µL)   0.1 µl  

         Forward primer (10 µM)    1 µl 

               Reverse primer (10 µM)              1 µl  

          Water      13 µl 

          Total       20 µl 

The PCR tubes were incubated in a thermo cycler, hot started at 105° C for 30 sec 

and programmed as follows. Wild type Col-0 DNA and water were used as positive 
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and negative controls respectively. Ler-0x Ler-0 c-DNA from previous cross is used 

as reference. 

PCR reaction steps  
Step 1   95° C for 2 min 

Step 2   95° C for 30 sec 

Step 3   55° C for 30 sec 

Step 4   72° C for 30 sec 

Step 5   72° C for 5 min 

Step 6   Hold at 14°C forever 

        All these steps were performed for 35 cycles in the PCR machine 

Amplified c-DNA was resolved using agarose gel as described previously in protocol 

2.7.3. 

 

2.9 Sequencing PCR  
c-DNA amplified was targeted with primers for SNP’S around genes of interest. 

2.9.1 Materials  
c-DNA and Primers (Table 2) targeting genes of interest 

Table-2. Genes and primers employed for sequencing 

Gene             Forward primer                                    Reverse primer                      size  

AT1G19160 CTGAAGACCCTTTGGTCGAAATTC   CGAGAAGAAATTCCAGCGAA              203 

AT4G00540 AATTCTCGTTCAAGCACAAAGAGGA GCAACTCTCGACCATCGTGTTTCTT   229 

AT4G22050 TTCTTTCTGTGTCAGAAGCGCTTG     ACGGGACCCAAAGGGAAGAA            189 

Size- size of resulting PCR product in base pairs (bp) 

Amplified c-DNA was targeted with forward and reverse primers as shown above to 

determine whether they are maternally expressed (Table 2).  

2.9.2 Protocol 
The cocktail for PCR amplification was prepared as described previously protocol 

2.8.2. Modifications are that a 40 µl reaction was prepared and hence amount of 

every component was doubled. Reaction steps are also same as protocol 2.8.2, 

except that Tm=58° C for 30 sec and elongated at 72° C for 1 min. DNA was 

resolved using agarose gel as described previously in protocol 2.7.3. 
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2.10 Purification of PCR Samples for Sequencing 

Qiagen protocol was used to purify the PCR product. 

2.10.1 Materials 
Buffer PE, Buffer PB, Buffer EB, pH indicator, QIA quick column and collection tubes. 

2.10.2 Protocol 
1. For 5 volume of buffer PB, 1 volume of PCR sample was added.   

2. To buffer PB, pH indicator I was added and colour of the mixture was orange 

instead of yellow. So as instructed in the kit, 10 µl of 3 M sodium acetate, pH 5.0 was 

added and mixed and colour changed to yellow 

3. QIA quick spin column was placed in 2 ml collection tube to which sample was 

applied to bind DNA and centrifuged for 30-60 sec. 

4. Flow through was discarded and column was placed back in same tube. For 

washing, 0.75 ml of Buffer PE was added to same column and centrifuged for 30-60 

sec. 

5.Flow through was discarded and column was placed back in same tube and 

centrifuged again for 60 sec. 

6. QIA quick column was placed in 1.5 ml tube and 50 µl of Buffer EB was added to 

centre of QIA quick column membrane and centrifuged for 1 min. 

7. DNA is collected in the eppendorf tube. 

 

2.11 Sequencing 
Purified PCR products are used for sequencing. 

2.11.1 Materials 
Purified DNA, water and primer for each gene 

2.11.2 protocol 
1. 7.5 µl of purified PCR product of each gene diluted in 7.5 µl of water was used for 

sequencing reaction 

2. 2.5 µl of primer + 12.5 µl of water was added for sequencing PCR. 

3. For genes AT1G19160 and AT4G22050, reverse primers were used for 

sequencing and for gene AT4G00540, forward primer was used for sequencing 

(Table 2). This reaction set up was sent for sequencing. 
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2.12 Genotyping (DNA extraction) 
Two weeks after transferring to soil, leaves are harvested from each sample of all 

mutant genotypes and osd1-1 to extract DNA. 

2.12.1Materials 
Edward’s buffer, iso propanol, 70% ethanol and sterile water 
2.12.2 Protocol 
Small scale DNA extraction procedure was used.  

1. About 1 leaf were harvested form each sample and frozen in liquid N2.  

2. Tissue was macerated using Silamat dentist machine for 6 sec.  

3. Then 500 µL of Edward’s buffer was added and vortexed thoroughly to 

homogenize.  

4. It was centrifuged at 13000 rpm for 5 min. Then, 400 µL supernatant was 

transferred to new tube and to which 400 µL of isopropanol was added.  

5. This mixture was centrifuged at 13000 rpm for 5 min. 

6. Supernatant is discarded and pellet was dissolved in 500 µL of 70% ethanol. Then 

it was centrifuged again at 13000 rpm for 5 min  

7. Supernatant is removed and pellet was air dried and dissolved in 100 µL M.Q 

water. 

 

2.13 Genotyping (PCR of Isolated DNA) 
2.13.1 Materials   
DNA isolated was amplified with two sets of primers.  

Table-3. Mutant lines and primers employed for genotyping each mutant 

Mutant line                WT PCR         MT PCR 

        FP+RP         FP+RP                                         

AT1G19160    PW246+PW247      PW247+PW197, PW272+PW197       

AT4G00540    PW248+PW249      PW249+CK214     

AT4G22050    PW250+PW251, PW275+ CK214    PW251+CK214, PW275+DK033 

AT5G03020    PW252+PW253        PW274+CK214            

AT5G46300    PW254+PW255      PW255+CK492 

osd1-1    DK28,DK29,DK30 

WT PCR-wild type PCR, MT PCR-mutant PCR.FP-forward primer, RP-reverse primer,osd1-
1=omission of second division 
 

Plant DNA and two sets of primer combinations (Table-3) were employed for each  



	   20	  

genotype targeting the region around T-DNA insertion to confirm its genotype. This 

served to determine whether the insertion lines were homo-or heterozygous for the 

T-DNA insertions  

2.13.2 Protocol 
The cocktail for PCR amplification was prepared as described previously protocol 

2.8.2. Exceptions are that, for sample AT5G03020 4 µl of template DNA was used 

instead of 2 µl. For osd1-1, Duplex PCR was performed in which three primers 

(Table-3) were employed simultaneously instead of two. Reaction steps were also 

same as protocol 2.8.2.Amplified DNA was resolved using agarose gel as described 

previously in protocol 2.7.3. But for DNA of sample AT4G00540, 2.0 % agarose was 

used. 

 
2.14 Transmission Analysis 

After genotyping, heterozygous samples from each mutant genotype sample were 

crossed with wild type Col-0 reciprocally. Crossings were done as described 

previously in protocol 2.4 and seeds were harvested after hand pollination. Then, 

they were sterilized as described previously in protocol 2.2 and sown in agar plates. 

After 12-14 days, DNA was isolated (protocol 2.12.2) from 24 seedlings of each 

mutant genotype directly from agar plates and isolated DNA was dissolved in 70 µl of 

M.Q water. DNA was PCR amplified (protocol 2.13.2) to test for the presence of T-

DNA insertion. For sample AT5G46300 in (heterozygous +/- x Col cross), 4 µl of 

DNA is used as template in Wild type PCR. They were then resolved on agarose gel 

as mentioned in protocol 2.7.3. 

 
2.15 Expression Analysis 
Selfed siliques of age 4 DAP from mutants homozygous for T-DNA insertions in 

MEGs were used to isolate RNA synthesize and amplify c-DNA as described 

previously (protocol 2.5,2.5,2.8). Amplified c-DNA concentration was measured using 

NANO DROP (protocol 2.6) and concentration of c-DNA was standardized. Genes 

were then targeted with respective primers to check the expression. Melting 

temperature was changed to amplify c-DNA and for expression analysis. (Tm=58° C 

instead of 55° C as in protocol 2.8.2) 
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Table-4. Genes and primers employed for each gene in expression analysis 

Gene   Forward primer    Reverse primer                          Size 

AT4G00540   AATTCTCGTTCAAGCACAAAGAGGA  GCAACTCTCGACCATCGTGTTTCTT   229 
AT5G03020   ATACATAATCGGTGGATTCGTTAGG GCATGCCTTGGTCGTAAAGTAAT       307 

AT5G46300   TTGGAGAAAAAGAGATTGACGATC GACTCCTTTTCTCCAATGAACACTT    301 

Size- size of resulting PCR product in base pairs (bp) 

For each mutant genotype, the corresponding primer pair employed to amplify the 

region around the gene is shown in Table-4. Also shown is the resulting product in 

base pairs. 

DNA was resolved using agarose gel as described previously in protocol 2.7.3. 

 
2.16 Analysis of Paternally expressed genes (PEGs) 
Gene specific PCR	   
2.16.1 Materials   
c-DNA made form RNA of reciprocal crosses of Col-0, Ler-0, and Col-0, AT1G34650 

accession amplified with primers PW302, PW 303.  

2.16.2 Protocol  
The cocktail for PCR amplification was same as 2.9.2. Reaction steps are also same 

as protocol 2.9.2 except that Tm=59° C for 20 sec and elongated at 72° C for 30 sec 

and amplified for 32 cycles in the PCR machine. 
 

2.17 Restriction Digestion 
Amplified c-DNA concentration was measured using NANO DROP (protocol 2.3) to 

use optimal concentration of restriction enzyme. c-DNA amplified is digested to know 

whether they show mono allelic or bi allelic expression. 

2.17.1 Materials   
c-DNA amplified was targeted with Fok-1 restriction enzyme. 

2.17.2 Protocol  
c-DNA from PCR   - 10    µl 

Nuclease free H2o- 7.25 µl 

NEB-4 Buffer        - 2      µl  

Fok-1                    - 0.75 µl  

Total                     - 20    µl 

The above reaction was made. It was mixed and spun and digested at 37° C for 1 hr. 
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Digested sample was resolved using 1.5 % agarose gel by following same protocol 

as 2.7.3 and using 10 µl of sample for loading on to gel.  
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3. Results	  
3.1 Reverse Transcription PCR based Sequence Analysis 
To find out whether genes AT1G19160, AT4G00540, AT4G22050 were expressed 

maternally or paternally (Table-1), Col-0 and Bur-0 plants were emasculated and 

crossed reciprocally. 4 days after pollination RNA was extracted, DNAse treated and 

concentration of RNA was measured using NANO DROP. 

 

Table-5.Measurement of RNA concentration after RNA isolation 

Cross type        Concentration (ng/µl)   A260/280              A260/230 

Col x Bur            141.1    1.96     1.94 

Bur x Col  80.3    1.81     1.61 

A-Absorbance, ng- nano gram 

Concentration of RNA in Col x Bur sample was high compared to Bur x Col (Table-5) 

 

Table-6. Measurement of RNA concentration after DNAse treatment  

Cross type Concentration (ng/ µl)  A260/280            A260/230 

Col x Bur 8.6    2.72  2.42 

Bur x Col1 0.7    -0.91             -5.23 

Bur x Col2 22.3    1.67  2.15 

A-Absorbance, ng- nano gram 
1-RNA Concentration after initial DNAse treatment 
2-RNA Concentration after repeating DNAse treatment 
 
After DNAse treatment, concentration was measured again and RNA of Bur x Col 
cross1 decreased further and thus DNAse treatment of Bur x Col2 was repeated to 
concentrate it (Table-6).  
 

3.2 c-DNA synthesis and PCR 
After measuring RNA concentration, c-DNA was synthesized and amplified by 

targeting actin gene. 
  L     CxB   BXC   G    LXL   H 

 
Figure-6. Agarose Gel electrophoresis of PCR amplified c-DNA with Primer combination targeting 
Actin. L=1 KB Ladder, CXB=Col x Bur, BXC=Bur x Col, G=Col-0 Genomic DNA, LXL= c-DNA from Ler 
X Ler cross for reference and H=Water as negative control. 
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Col x Bur cross-yielded an amplified c-DNA band. Bur x Col1 cross did not give any 

band (Figure-6). So, DNAse treatment was repeated for Bur x Col2 cross, 

concentration measured as in Table-6, c-DNA synthesized and amplified targeting 

actin gene (Figure-7). 
   L     BXC   G    LXL   H 

 
Figure-7. Agarose Gel electrophoresis of PCR amplified c-DNA with Primer combination targeting 
Actin. L=1 KB Ladder, BXC=Bur x Col, G=Col-0 Genomic DNA, LXL= c-DNA from Ler X Ler cross for 
reference and H=H20 as negative control. 
After repeating DNAse treatment for Bur x Col cross, c-DNA is resolved and can be 

seen in Figure-7. 

 

3.3 Sequencing PCR 
After RNA isolation, c-DNA synthesis and amplification, c-DNA was targeted with 

respective primers (Table-2) for Genes AT1G19160, AT4G00540 and AT4G22050 to 

amplify and sequence them.  
  AT1G19160    AT4G00540    AT4G22050 
 L    A  B    P N   A   B   P  N     A  B  P   N 

 
Figure-8. Agarose Gel electrophoresis of amplified c-DNA targeted with primers for respective genes.  
L=1 KB Ladder.  
A=c-DNA amplified from Col X Bur cross. 
B=c-DNA amplified from Bur X Col cross. 
P=wild type Col DNA as positive control and N = water as negative control. They are amplified by 
targeting genes AT1G19160, AT4G00540 and AT4G22050. 
 

PCR resulted in bands for genes AT1G19160, AT4G00540 and AT4G22050 

respectively for crosses in both directions of Col and Bur. Material used was 

amplified c-DNA from reciprocal crosses of Col and Bur. Respective genes targeted 

are mentioned above each sample in gel picture (Figure-8).  

 
 
 



	   25	  

3.4 Sequencing 
Samples were purified for nucleotides, primers after PCR and sent for sequencing. 

After sequencing, sequences from Col x Bur cross, Bur x Col cross were aligned with 

sequences from wild type Col and Bur in Vector NTI software. They were then 

checked for SNP’s in wild-type Col and Bur sequences and compared with 

sequences of reciprocal Col and Bur crosses in same positions to find out whether 

SNP’S are derived from Col or Bur, so that they are maternally expressed genes 

(MEGs) or paternally expressed genes (PEGs).  

 

For the gene AT1G19160, sequencing did not work properly and hence it was not 

possible to determine whether it is a MEG or PEG.  

 

Sequencing worked for AT4G00540 and analysed as follows 

    
               Col-0 X Bur-0  Bur-0 X Col-0 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

 
Figure-9. Siliques of reciprocal crosses of Col-0 and Bur-0 were harvested at 4DAP. RNA isolated, c-
DNA synthesized and sequenced using forward primer for gene AT4G00540 (Table-2). SNP’S are 
identified which are shown in chromatograms in Red colour. Bases denoted in bold red colour 
correspond to their parent of origin. 
  

For the cross Col-0 x Bur-0, base T after the black highlight in chromatogram (Figure-

9) comes from Col-0 and for Bur-0 x Col-0, base C after the black highlight from 

chromatogram (Figure-9) comes from Bur-0. Thus as the SNP’s are derived form 

maternal side in both crosses, gene AT400540 is a maternally expressed gene 

(MEG). 

Sequencing also worked for the gene AT4G22050 and it was aligned in Vector NTI 

and resulted in two SNP’S as follows. 

AT4G00540 
TCol-0/CBur-0 
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                 Col-0 X Bur-0      Bur-0 X Col-0 

	   	    
 Col-0 X Bur-0  Bur-0 X Col-0 

	    
Figure-10. Siliques of reciprocal crosses of Col-0 and Bur-0 were harvested at 4DAP. RNA isolated, c-
-DNA synthesized and sequenced using reverse primer for gene AT4G22050 (Table-2). Two SNP’S 
are identified which are shown in chromatograms of upper and lower row respectively. Bases denoted 
in bold red colour correspond to their parent of origin. 
 

In the case of SNP 1, for the cross Col-0 x Bur-0, base T after the black highlight in 

chromatogram (Figure-10) comes from Col-0 and for cross Bur-0 x Col-0, base C 

after the black highlight in chromatogram (Figure-10) comes from Bur-0.  

Similarly, in the case of SNP 2, base A after the black highlight in chromatogram 

(Figure-10) comes from Col-0 and for cross Bur-0 x Col-0, base G after the black 

highlight in chromatogram (Figure-10) comes from Bur-0. 

 

Thus, crosses from both directions reveal that genes are maternally expressed as 

SNP’s are derived from maternal side. 

 
3.5 Genotyping 
After transferring seedlings to soil, approximately two weeks later leaves were 

harvested form each mutant genotype to determine their genotype. Isolated DNA 

was PCR amplified and resolved using 1.0 % agarose gel. 1kb marker was used to 

AT4G22050 
TCol-0/CBur-0 

SNP1 
 

 

 

 AT4G22050 
ACol-0/GBur-0 

SNP2 
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confirm the size of resolved DNA. Wild type Col-0 was used as positive control and 

water as negative control.  

 
Sample AT1G19160 
    L 1 2 3 4 5 6 7 8 9101112PN 

 
Figure-11: Agarose gel electrophoresis of PCR amplified DNA with primer combination of 
PW246+PW247 for samples of upper row, which target wild type band, and PW247+PW197 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to12 PCR amplified DNA samples of 12 plants from leaf sample AT1G19160 T-DNA 
insertion mutant line. P= wild type Col DNA as positive control and N= water as negative controls. 
 
   L 1 2 3 4  5 6 7 8 91011 12  P N 

 
Figure-12: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW272+PW197, which target T-DNA border sequence 
L=1 KB Ladder, 1 to12 PCR amplified DNA samples of 12 plants from leaf sample AT1G19160 T-DNA 
insertion mutant line. P= wild type Col DNA as positive control and N= water as negative controls. 
 

Samples of Upper row (wild type PCR) in figure-11 have bands of 1000 bp in all wells 

and samples of lower row have no bands (mutant PCR) in fig-11. Mutant PCR was 

repeated figure-12 and still there were no bands. This means that either all the 12 

plants analyzed in this batch were either wild type or alternatively, the primers failed 

to amplify the T-DNA insertion. 
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Sample AT4G00540 
  L 1 2  3  4 5  6 7 8 9101112P N 

 
Figure-13: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW248+PW249 for samples of upper row, which target wild type sequence and PW249+CK214 for 
samples of lower row, which target T-DNA border sequence.  
L=1 KB Ladder, 1 to12 PCR amplified DNA samples of 12 plants from leaf sample AT4G00540 T-DNA 
insertion mutant line. P= wild type Col DNA as positive control and N= water as negative controls. 
 

For sample AT4G00540, genotyping worked and identified heterozygous (plants 2, 3, 

4, 5, 6, 7, 8, 9) and homozygous (plants1, 10) for T-DNA insertions. Plants 11 and 12 

are wild type with out any T-DNA insertion (fig-13). 

 

Sample AT4G22050  
   L 1 2  3 4  5 6  7 8 9101112 P N 

 
Figure-14: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW250+PW251 for samples of upper row, which target wild type sequence and PW251+CK214 for 
samples of lower row, which target T-DNA mutant sequence. 
L=1 KB Ladder, 1 to12 PCR amplified DNA samples of 12 plants from leaf sample AT4G22050 T-DNA 
insertion mutant line. P= wild type Col DNA as positive control and N= water as negative controls. 
  
 
For sample AT4G22050, genotyping worked for wild type PCR as bands of 1000 bp 

can be seen in all wells (fig-14) and did not work for mutant PCR (fig-14). Instead it 

revealed only primer dimer amplification, as bands were present even in negative 

control (fig-14). Mutant PCR failed even after repeating it with different prime set (fig-

15) 
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  L 1  2 3  4 5  6 7 8  9101112P N 

 
Figure-15: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW275+CK214 for samples of upper row, which target wild type sequence and PW275+DK033 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to12 PCR amplified DNA samples of 12 plants from leaf sample AT4G22050 T-DNA 
insertion mutant line. P= wild type Col DNA as positive control and N= water as negative controls. 
 

Non-specific bands are present in all wells of lower row (mutant PCR) in fig-14. 

Repeating PCR with different primer set resulted in non-specific bands in upper row   

and no bands in lower row (fig- 15). Thus there is no conclusion about the genotype 

of this mutant is possible yet. 

 

Sample AT5G03020 
  L 1  2  3  4 5  6  7 8  9101112P N 

 
Figure-16: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW252+PW253 for samples of upper row, which target wild type sequence and PW274+CK214 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to12 PCR amplified DNA samples of 12 plants from leaf sample AT5G03020 T-DNA 
insertion mutant line. P= wild type Col DNA as positive control and N= water as negative controls. 
 

For sample AT5G03020, genotyping worked and revealed wild type (plants 4,8) and 

remaining all are heterozygous plants (Fig-16). There were no plants homozygous for 

T-DNA insertion. Sample (plant 6) was used for Transmission analysis. 
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Sample AT5G46300 
    L 1  2  3  4 5  6 7  8  P N 

 
Figure-17: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW254+PW255 for samples of upper row, which target wild type sequence and PW255+CK492 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to 8 PCR amplified DNA samples of 8 plants from leaf sample AT5G46300 T-DNA 
insertion mutant line. This is because only 8 survived of 12 sown in soil. P= wild type Col DNA as 
positive control and N= water as negative controls. 
 
For sample AT5G46300, only 8 plants survived in a population of 12 plants. They 

resulted in homozygous plants (4,5), heterozygous plants (6,7,8) and wild type plants 

(1,2,3)(Fig-17). 

 

In spite of trying to amplify DNA of samples AT1G19160 and AT4G22050 with 

different primer combinations, genotyping was unsuccessful. Genotyping was 

successful for samples AT4G00540, ATG503020 and AT5G46300 and hence 

remaining experiments were continued with them. 

 
3.6 Transmission Analysis 

After 22-23 days seeds were harvested from siliques of reciprocal crosses. They 

were grown and seedlings are genotyped to check whether mutant genes are 

transmitted to next generation when heterozygous plants were used as mother or 

father and crossed with Col-0 in both directions. Wild type Col-0 was used as positive 

control and water as negative control.  
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3.6.1 AT4G00540 (Col-0 x Heterozygous (+/-)) 
  L  1   2   3   4   5  6   7  8   9 10  11 12        L 131415161718 19 2021222324 P  N 

 
  L  1   2  3  4   5  6   7  8  9 10 11 12     L 131415161718192021222324 P  N 

 
Figure-18: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW248+PW249 for samples of upper row, which target wild type sequence and PW249+CK214 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to 24 PCR amplified DNA samples of 24 plants from seedlings of Col-0 crossed with 
heterozygous sample AT4G00540. P= wild type Col DNA as positive control and N= water as negative 
controls. 
 
3.6.1.2 AT4G00540 (Heterozygous (+/-) x Col-0) 
 L     1   2    3   4    5    6   7   8    9   10 11 12     L 13 14 15 16 17 1819 20 21 22 23 24  P  N 

 
 
L     1    2    3   4    5    6   7    8    9   10 11 12     L 13 14 15 16 17 1819 20 21 22 23 24  P  N 

 
Figure-19: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW248+PW249 for samples of upper row, which target wild type sequence and PW249+CK214 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to 24 PCR amplified DNA samples of 24 plants from seedlings of heterozygous 
sample AT4G00540 crossed with Col-0. P= wild type Col DNA as positive control and N= water as 
negative controls. 
 

For sample AT4G00540, the mutations were transmitted faithfully according to 

Mendelian laws to next generation (George A, 2006). Crosses from both directions 

(Col x +/-) and (+/- x Col) revealed that out of 24 seedlings genotyped a minimum of 

15 and 13 were heterozygous in each direction respectively. For cross, Col x +/-, 15 

plants (2,4,5,6,7,10,11,13,15,16,17,18,19,20,21) were heterozygous for the mutation 

which is more than expected number of 12 as seedlings were picked randomly out of 

many (Fig-18) and lack of band in well 24 may be due to failure in DNA isolation. For 

cross +/- x Col, 13 plants (2,3,4,6,7,9,10,15,16,17,18,23,24) were heterozygous for 

the mutation which is more than expected number of 12 as seedlings were picked 

randomly out of many (Fig-19) and lack of band in well 19 may be manual error.  
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3.6.2 AT5G03020 (Col-0 x Heterozygous (+/-)) 
 L    1   2   3   4   5   6   7   8   9  10 11 12        L 1314 1516 17 181920 2122 23 24 P  N 

 
   L    1   2   3   4   5    6   7   8   9  10 11 12     L 13 14 151617 18 19 20 2122 23 24 P  N 

 
Figure-20: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW252+PW253 for samples of upper row, which target wild type sequence and PW274+CK214 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to 24 PCR amplified DNA samples of 24 plants from seedlings of Col-0 crossed with 
heterozygous sample AT5G03020. P= wild type Col DNA as positive control and N= water as negative 
controls. 
3.6.2.1 AT5G03020 (Heterozygous (+/-) x Col-0) 
  L    1   2   3    4    5    6    7    8    9   10  11  12        L  13 14 1516 171819 20 212223 24  P  N 

 
 
 L    1    2    3    4    5    6    7    8    9   10  11  12    L 13 1415 16171819 2021 222324 N  P 

 
Figure-21: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW252+PW253 for samples of upper row, which target wild type sequence and PW274+CK214 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to 24 PCR amplified DNA samples of 24 plants from seedlings of heterozygous 
sample AT5G03020 crossed with Col-0. P= wild type Col DNA as positive control and N= water as 
negative controls. 
 

For sample AT5G03020, crossing heterozygous plants for T-DNA insertion with Col  

in both directions resulted in only heterozygous plants out of 24 seedlings analyzed 

(Fig-20 and 21). Both the crosses revealed presence of 1000bp and 500 bp bands in 

all wells. Exceptions were weak bands or manual errors in wells 5,11,12,17 of wild 

type PCR and 1,20 of mutant PCR for cross Col x +/- (Fig-20) and in well 24 of wild 

type PCR for cross +/- x Col (Fig-21). 
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 3.6.2.2 AT5G03020-Genotyping 
Seeds were harvested from sample 6 (Fig-16) to grow them and genotype their 

seedlings. This is done to find out if they segregate their genes as this sample was 

used in transmission analysis.  
  L  1  2  3 4 5  6  7 8     9 101112 P N 

 
  L  1   2  3   4  5   6  7  8   9 1011 12 P N 

 
Figure-22: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW252+PW253 for samples of upper row, which target wild type sequence and PW274+CK214 for 
samples of lower row, which target T-DNA border sequence. 
L=1 KB Ladder, 1 to 12 PCR amplified DNA samples of 12 plants from seedlings of heterozygous 
sample 77.6 of AT5G03020. P= wild type Col DNA as positive control and N= water as negative 
controls. 
 
Seeds from selfed plant 6 used for transmission analysis were genotyped revealing 

that all 12 plants in population were heterozygous (Fig-22). 

 
3.6.3 AT5G46300 (Col-0 x Heterozygous (+/-)) 
 L   1    2   3   4   5   6   7   8   9 10  1112 P N    L   1  2  3   4   5   6    7   8   9  10 11 12           

   
   L 13 14  15 16 17 18  19 20 21 22  23 24  P  N      L  13 14 1516 17 18 19 20 21 22 23 24  P  N 

   
 
  L 25 26 27 2829 30 31 3233 34 3536 P N       L 25 26 27 28 293031 32 33 3435 36 P N 

   
Figure-23: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW254+PW255 for samples of upper row, which target wild type sequence and PW255+CK492 for 
samples of lower row, which target T-DNA border sequence. L=1 KB Ladder, 1 to 36 PCR amplified 
DNA samples from 36 seedlings of Col-0 crossed with heterozygous sample AT5G46300. P= wild 
type Col DNA as positive control and N= water as negative controls. 
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3.6.3.1 AT5G46300 (Heterozygous (+/-) x Col-0) 
     L    1   2   3    4    5    6    7    8    9   10  11  12     L  13  14 15  16 17  18  19 20 21   22 23  24  P  N 

 
 
  L    1   2   3    4    5    6    7    8    9   10  11  12          L  13  14  15  16   17  18   19   20  21  22  23  24  P  N 

 
Figure-24: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of 
PW254+PW255 for samples of upper row, which target wild type sequence and PW255+CK492 for 
samples of lower row, which target T-DNA border sequence.  
L=1 KB Ladder, 1 to 36 PCR amplified DNA samples from 36 seed lings of heterozygous sample 
AT5G46300 crossed with Col-0 AT5G46300. P= wild type Col DNA as positive control and N= water 
as negative controls. 
 

For sample AT5G46300, transmission was successful for crosses of both the 

directions. For cross direction, Col x +/-, out of 36 seedlings genotyped, 14 plants 

were heterozygous for the mutation being close to the expected number 18. 

(1,3,10,13,18,22,23,25,27,29,31,33,35,36) (Fig-23). For direction +/- x col, 12 plants 

were heterozygous for the mutation (plants 4,11,12,14,15,17,19,20,21,22,23,23) as 

expected out of 24 seedlings analyzed (Fig-24). 

 

3.7 Seed Set Analysis 
Siliques from mutant samples heterozygous for T-DNA insertion (3.5) were harvested 

and they were cut open under microscope. They were observed for seed set to count 

number of normal seeds, aborted seeds and unfertilized ovules. This is done to find if 

T-DNA insertion in one chromosome i.e., heterozygous samples, would have any 

effect on seed development. Siliques used were basically not too young or old and 

may be in age of 2 weeks since they are selfed.  

Samples analyzed were AT4G00540, AT5G03020 and AT5G46300. Six siliques from 

each sample were analyzed for their seed set. 
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Figure-25: Stacked distribution of seed set analyzed from of mutants of selfed heterozygous plants for 
T-DNA insertion. 1=AT4G00540, 2=AT5G03020, 3=AT5G46300. 
On the X-axis are three samples analyzed for their seed set and on Y-axis are normal aborted and 
unfertilized seeds of each sample illustrated in Green, Red and Black colors respectively.  
   
Of the three heterozygous samples analyzed for seed set (Figure-25), normal seeds 

(Green color) were present in all samples; aborted seeds (Red color) were present 

only in sample 2 (AT5G03020) and unfertilized ovules (Black color) were present in 

all samples.  

 
3.8 osd1-1 Genotyping 
   L    1 2  3  4  5 6  7  8 9 10111213141516P N 

 
Figure-26: Agarose gel electrophoresis of PCR amplified DNA with Primer combination of DK28, 
DK29 and DK30 for all samples. 
L= 1 KB Ladder, 1 to 16 PCR amplified DNA samples of 16 plants from leaf sample of osd-1 plants.  
P= wild type Col DNA as positive control and N= water as negative controls. 
Of 16 plants analyzed (Fig-26) plants 7,14 were homozygous for osd1-1, plants 

1,2,3,6,8,9,10,12,13,15,16 were heterozygous and 3,5,11 are wild type plants. 
 
3.9 Interplodiy Cross and Seed set analysis  
Mutant plants homozygous for T-DNA Insertion were used for crossing with 

homozygous osd1-1 plants. This is done to mimic an interploidy cross (2nx4n) cross, 

as mutants homozygous for T-DNA insertion produce haploid gametes and osd1-1 
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plants produce diploid gametes instead of haploid ones (d’ Erfurth et al., 2009). After 

crossing, 19-20 days later, siliques were harvested and seed set analyzed for 

normal, aborted seeds and unfertilized ovules. Samples analyzed are AT4G00540, 

AT5G03020 and AT5G46300. Three siliques were analyzed from each mutant plant 

homozygous for T-DNA insertion crossed with osd1-1 homozygous plant.   

 
Figure-27: Stacked distribution of seed set analyzed from crossing plants homozygous for T-DNA 
insertion with osd1-1 homozygous plants. 
1=AT4G00540 (-/-) x osd1-1, 3=AT5G03020 (-/-) x osd1-1, 5=AT5G46300 (-/-) x osd1-1, 2,4,6 =Col x 
osd1-1 as respective control for each of the interploidy cross. On the X-axis are four samples analyzed 
for their seed set and on Y-axis are normal aborted and unfertilized seeds of each sample illustrated in 
Green, Red and Black colors respectively. 3 siliques were analyzed for each of the sample. 
 

Of the three homozygous samples crossed with osd1-1 and analyzed for seed set 

(Figure-27), normal seeds (Green color) were present in low percent in samples 1 

and 3 (AT4G00540, AT5G03020). They were of high percent in sample 5 

(AT5G46300). Unfertilized ovules (black color) were present in all samples. Finally 

aborted seeds were present in high percent in samples1 and 3 (AT4G00540, 

AT5G03020) and in low percent in samples 5 (AT5G46300).  

 
3.10 Expression analysis  
To determine whether plants homozygous for T-DNA insertions in MEGs cause 

complete knockout of the genes, expression analysis was done. Samples used were 

siliques of age 4 days after they were selfed of plants homozygous for T-DNA 

insertion in AT4G00540, AT5G03020 and AT5G46300 and Col-0 as control.  
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After isolating RNA and synthesizing c-DNA, it is amplified by targeting for Actin 

genes to check for successful RNA isolation. 
   L     1    2     3    Col   P   N 

     
Figure-28: Agarose gel electrophoresis of PCR amplified c-DNA targeted with Actin primers for Actin 
gene.   
L=1KB ladder, 1=AT4G00540, 2=AT5G03020, 3=AT5G46300, Col- c-DNA from Wild type Col plant. 
P= wild type Col DNA as positive control and N = water as negative controls. 
 

Actin genes were successfully targeted and amplified in all samples except sample 3, 

which is AT5G46300 (Figure-28). Successful amplification resulted in bands of 450 

bp in all samples and 500 bp in positive control.  
       L          3 

  
 Figure-29: Agarose gel electrophoresis of PCR amplified c-DNA targeted with Actin primers for Actin 
gene.   
L=1KB ladder, 3= AT5G46300 
An initial PCR targeting Actin gene was done to check the presence of c-DNA and 

successful RNA isolation after c-DNA synthesis (Figure-29). But repeating PCR 

targeting Actin genes yielded no band of expected size in Sample 3 (Figure-28). 

Then c-DNA concentration was measured (Table-7) using the NANO DROP.  

 

Table-7. Measurement of c-DNA concentration after amplifying it with Actin primer 

Gene           Conc (ng/µl)            Conc (µg/µl)      Template (µl)          A260/280                    A260/230       

AT4G00540          1160.5   1.16  2.16          1.70      1.99 

AT5G03020          2488.3   2.45  1.0          1.74      2.18 

AT5G46300          1218.3   1.22  2.05          1.60                  1.35 

Col-0      1307.5   1.31  1.91          1.67           1.97 

A-Absorbance, ng- nano gram, µg- microgram, µl-micro litre 
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For each gene, corresponding c-DNA concentration is indicated. Also mentioned is 

amount of template used for PCR amplification for expression analysis and 

corresponding absorbance for each sample in Table-7.  
 

After measuring c-DNA concentration, equal concentration of template was used and 

PCR amplified by targeting their respective genes for expression analysis.  

     AT4G00540      AT5G03020       AT5G46300 
    L   1     Col    P     N         L   2 Col P   N                L    3    Col   P   N 

  
Figure-30: Agarose gel electrophoresis of PCR amplified c-DNA targeted with primers for respective 
genes. 
1,2,3= c-DNA targeted with respective primers for genes AT4G00540, AT5G03020 and AT5G46300  
Col-0=wild type Col-0 c-DNA targeted with respective primers for genes AT4G00540, AT5G03020 and 
AT5G46300 
P=wild type Col-0 DNA targeted with respective primers for genes AT4G00540, AT5G03020 and 
AT5G46300 as positive control. N-Water as negative control 
 

Targeting amplified c-DNA with primers for gene AT4G00540 resulted in a band of 

~229 bp and thus T-DNA insertion does not knock out expression of the gene and 

there is no reduction in transcript of the gene in mutant line (Fig-30, sample 1). 

Expression can be further confirmed by presence of band of ~229 bp resulted from 

amplification of c-DNA of Col as the gene is expressed in wild type plant (Col). 

Presence of band of ~307 bp when amplified c-DNA of Col is targeted with primers 

for gene AT5G03020, confirms that it is expressed in wild type plant. But, there is no 

band in expression analysis and thus it can be concluded that T-DNA insertion cause 

complete knock out of the gene (Fig-30, sample2).  

For sample AT5G46300, band of ~301 bp can be seen when amplified c-DNA of Col 

is targeted with primers for gene AT5G46300. Lack of band in expression analysis 

may not confirm exactly whether T-DNA insertion knocks out gene as presence of c-

DNA was not confirmed either (Fig-28, sample 3), though there is a evidence of faint 

band during an initial check (Fig-29). So it is in conclusive and may be faint band of 

c-DNA due to its weak concentration hindered the reproducibility of the experiment 

(Fig-28, sample 3).   
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3.11 Analysis of Paternally Expressed Genes (PEGs) 
c-DNA of reciprocally crossed Arabidopsis accessions was used as template and 

amplified with gene specific primers. The aim is to test paternal-specific expression 

was modified in an accession carrying a deletion in a siRNA producing sequence. 

L      CXL    LXC   CX21  21XC 

 
Figure-31: Agarose gel electrophoresis of PCR amplified c-DNA targeted with primers for gene 
AT1G34650 
L=1 KB ladder, C X L, L X C= Reciprocal crosses of Col and Ler. CX21, 21XC= Col crossed 
reciprocally with Accession 21 which carries siRNA deletion. Accession 21= Petro-1 
 

Bands of 500 bp can be seen in all wells in Figure-31 and thus c-DNA was 

successfully amplified. Then c-DNA concentration is measured after PCR to use 

optimal concentration of restriction enzyme Fok-1 for digestion. 

 

Table-8. Measurement of c-DNA concentration after PCR  

Cross type Concentration (ng/ µl)  A260/280            A260/230 

Col x Ler 685    1.72  1.34 

Ler x Col 672.2    1.71  1.33 

Col x 21 678.7    1.70  1.31 

 21 x Col 683.2    1.70  1.34 

A-Absorbance, ng- nano gram 
For each cross, corresponding c-DNA concentration and absorbance is mentioned in 

Table-8.  

 
3.11.1 Restriction Digestion 
Amplified c-DNA is digested with restriction enzyme Fok-1 to check whether it is 

expressed mono-allelic or bi-allelic. 
   L       CXL        LXC        CX21     21XC 
            D    UD   D    UD     D   UD   D    UD 

 
Figure-32: Agarose gel electrophoresis of PCR amplified c-DNA digested with Fok-1 enzyme.  
L=1 KB ladder, C X L, L X C= reciprocal crosses of Col and Ler. CX21, 21XC= Col crossed 
reciprocally with accession 21 which carries siRNA deletion. D=digested sample and UD-undigested 
sample as control 
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c-DNA was successfully amplified (Fig-31). Digesting samples with Fok-I enzyme 

revealed bands of ~350 bp and 500 bp for all samples. Undigested samples were 

resolved with only a 500 bp band, which confirms that digestion worked. But 

presence of bands in all wells was in conclusive to know whether accession petro-1 

is bi allelic or mono allelic (Fig-32).   
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4. Discussion	  
The aim of this project was to study some of the maternally expressed imprinted 

genes (MEGs) and to find out their functional role in seed development of 

Arabidopsis thaliana. Genes recently identified as imprinted genes form Wolff et al; 

(2011) were used in this study (Table-1).  

 

Sequencing studies 
Reverse-Transcription PCR based sequence analysis was done for genes 

(AT1G19160, AT4G00540 and AT4G22050) to find out if indeed they are maternally 

expressed imprinted genes. RNA Isolation and RT-PCR of reciprocal crosses of Col 

and Bur were successful and sequencing of the c-DNA PCR products revealed that 

all these are maternally expressed imprinted genes (Fig-9, 10). To confirm whether 

they are indeed imprinted genes requires further testing by using markers, for 

example by constructing promoter-reporter constructions that will allow testing 

whether indeed these genes are exclusively expressed in the endosperm. 

 

Transmission analysis 
Heterozygous plants for T-DNA insertion in genes AT4G004540, AT5G03020 and 

AT5G46300 were crossed with Col-0 reciprocally.  

For sample AT4G00540, genes transmitted faithfully according to Mendelian laws to 

next generation (George A, 2006). So the mutation does not cause any problem in 

the male and female gametophytes and thus therefore seems to have no function 

there. But it can be speculated that homologous genes may have masked potential 

function of gene and testing the close homologous genes for each of the tested 

genes in the Arabidopsis genome can give further insights.  

 

For sample AT5G03020, crossing heterozygous plants for T-DNA insertion with Col 

in both directions resulted in only heterozygous plants (Fig-20 and 21). The presence 

of only heterozygous plants is a clear violation of Mendelian laws of assortment 

(George A, 2006). There are two possible explanations for these findings; either a 

homozygous plant was employed in transmission analysis instead of heterozygous. 

Although the plant used for transmission was tested to be heterozygous (plant-6, fig-

16), this result requires further confirmation. Another possible hypothesis is that a 
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mutation in AT5G03020 promotes transmission of the mutated allele by 

outcompeting wild-type pollen, which has to be tested. 

 

For sample AT5G46300, transmission of the mutation through the pollen (Col X +/-) 

resulted in a transmission frequency of 72%, which is below the expected frequency 

of 100%. In contrast, when the mutation was transmitted through the female 

gametophyte (+/- X Col), there was no reduction in transmission frequency. As the 

gene is expressed only maternally (Table-1), it is unlikely that paternal loss of this 

gene would cause an abnormal phenotype. Therefore, I conclude that loss of 

AT5G46300 does not impair male and female gametophyte development.  

 
Seed set analysis 
To find out whether heterozygous plants cause any seed abortion, siliques of 

heterozygous plants AT4G00540, AT5G03020 and AT5G46300 were analyzed. It 

revealed that seeds were normal for all samples and only 5 aborted seeds were 

found in AT5G03020 and it can be attributed to random chance. Unfertilized ovules 

are present in all samples which denotes that natural selfing in these lines is not 

100%. Thus, analyzed MEGs do not severely disturb seed development. However 

whether they cause slight deviations from seed development would require detailed 

quantitative assessments. 

 
Interploidy crosses and seed set analysis. 
Mutants homozygous for T-DNA insertion were crossed with osd1-1 in interploidy 

crosses and seed set analyzed. For sample AT4G00540, aborted seeds are high in 

percentage when compared to control cross of Col x osd1-1 (Fig-27). However, there 

was a high number of unfertilized ovules and in addition the mutation does not cause 

a complete knock out of gene function, making the interpretation of this result difficult.  

For sample AT5G03020, percent of aborted seeds were high when compared with 

control cross of Col X osd1-1 (Fig-27). But as there is significant percent of 

unfertilized ovules, repeating cross would confirm its role in triploid seed 

development. For sample AT5G46300 as successful c-DNA synthesis was not 

reproducible (Fig-28, 29), thus it is not known whether gene is knocked out 

completely (Fig-30). If loss of function for this mutation can be confirmed, it can be 
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concluded that it does not affect triploid seed development. Presence of aborted 

seeds for all of the three genotypes may be reduced capacity to counteract increased 

paternal genome dosage. Together these results reveal that some of the tested 

MEGs might indeed have a role in triploid seed development and they can be studied 

further with markers like GUS and GFP to confirm their role as well as to get further 

insights on them. 
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5. Conclusion	  
As predicted previously, sequencing studies confirmed that genes AT4G00540, 

AT4G22050 are maternally expressed genes (MEGs). Loss of MEG function for the 

genes AT4G00540, AT5G46300 revealed that it is not necessarily causing 

gametophytic or seed developmental phenotype. Most Importantly, my study 

revealed that MEGs AT4G00540 and AT5G03020 might have a function in triploid 

seed development. These results are highly interesting and need further 

investigations.  	  
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6. Appendix	  
Primers sets used for Genotyping of T-DNA insertion lines and osd1-1 

1. Gene AT1G19160 

Wild-type PCR 

PW246=TTGAGTAATCGAACCAAACCG, PW247= ACGATTGAGGCAGAATGACTC 

Mutant PCR   

PW247=ACGATTGAGGCAGAATGACTC, PW197=CGTGTGCCAGGTGCCCACGGAATAGT  

PW272=AGACGATTGAGGCAGAATGAC, PW197=CGTGTGCCAGGTGCCCACGGAATAGT 

 

2.Gene AT4G00540 

Wild-type PCR 

PW248=TGAAATTTTTGACCATGGAGG, PW249= TTGGATAGCCGTTACTGAACG 

Mutant PCR 

PW249= TTGGATAGCCGTTACTGAACG, CK214= GCGTGGACCGCTTGCTGCAACT 

 

3.Gene AT4G22050 

Wild-type PCR  

PW250=TTGTGCTTTGCTCAACTTCAG, PW251=CGGTACATCTGTTTGGCACTC and 

PW275= CGCTCAATTTCGGTACATCTG, CK214= GCGTGGACCGCTTGCTGCAACT 

Mutant PCR 

PW251=CGGTACATCTGTTTGGCACTC, CK214= GCGTGGACCGCTTGCTGCAACT 

PW275= CGCTCAATTTCGGTACATCTG, DK033= ATTTTGCCGATTTCGGAAC 

 

4.Gene AT5G03020 

Wild-type PCR 

PW252= AAGCTTTCAAGGCAAGACCTC, PW253= TACTTTACGACCAAGGCATGC 

Mutant PCR 

PW274= CCAAAAGGTCAGTTGTTCGAC, CK214= GCGTGGACCGCTTGCTGCAACT 

 

5. Gene AT5G46300 

Wild-type PCR 

PW254= ACGAGTTAGGATCCCTCTTCG, PW255= ACTTAAAACCCCCATCAATGG 

Mutant PCR 

PW255=ACTTAAAACCCCCATCAATGG,CK492=TAGCATCTGAATTTCATAACCAATCTCGATACAC 

 

6.osd1-1 

DK28= CGTCACTCTCCCCAAGAAAG, DK29= GGCTAAGCAAGCCTGCTAT and 

DK30= TCCGTTCCGTTTTCGTTTTTTAC 
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