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Characterization of maize transgene-reactivated mutants 
 

E. Shannon Mills 
 

Abstract 

Epigenetic gene regulation results from heritable changes in chromatin structure, DNA 

methylation, and/or histone modifications associated with different expression levels for 

endogenous genes and transgenes. The silent b1 transgene (Btg-s) can be used to study 

epigenetic gene regulation in maize. A forward genetics screen based on the reactivation of Btg-s 

was conducted using EMS mutagenized maize. Through this screen, several mutants reactivating 

the transgene, designated transgene reactivated (tgr), were identified. Published work 

demonstrates that mutations affecting proteins involved in the RNA-dependent DNA methylation 

pathway cause transgene reactivation. Such mutations result in characteristic phenotypes, such as 

a loss of DNA methylation, loss of siRNA accumulation, and loss of transcriptional silencing. To 

investigate Btg promoter methylation in the tgr mutants, bisulfite sequencing was performed on 

plants with silenced and reactivated transgenes from four lines of tgr mutants (tgr1-3,11). 

Results show that in three mutant lines, the promoter region had higher methylation levels in 

silenced plants compared to reactivated plants, while another mutant had similar levels of 

methylation in both phenotypes. For tgr2, siRNA levels were assayed and transcript abundance 

was evaluated for genes encoding proteins possibly involved in the methylation pathway. It was 

found that tgr2 showed no loss of siRNA production and no difference in transcript levels were 

observed between silenced and reactivated individuals for the genes evaluated. This work aided 

in characterizing the tgr mutants which are potentially strong tools for understanding epigenetic 

regulation of transgenes.   

Key words: epigenetics, transcriptional gene silencing, RNA-dependent DNA methylation 
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Introduction  

Gene regulation can be mediated by genetic mechanisms, whereby proteins interact with 

specific DNA sequences (Colman-Lerner et al. 2005; Mao et al. 2010; reviewed by Zaina et al. 

2010), or epigenetic mechanisms. Epigenetic mechanisms can employ modifications to DNA or 

histones associated with gene regulatory sequences (reviewed by Zaina et al.  2010; reviewed by 

Chen et al. 2010) to bring about a heritable and stable difference in expression for two strands of 

DNA with the exact same sequence (reviewed by Zaina et al. 2010; reviewed by Chen et al. 

2010). One such epigenetic modification associated with transcriptional gene silencing is DNA 

methylation (reviewed in Law and Jacobsen, 2010).  

 DNA methylation occurs in most multicellular eukaryotes and involves the addition of a 

methyl-group to C5 on a cytosine (reviewed by Suzuki and Bird 2008). In mammals and plants, 

DNA methylation is frequently found in CG contexts (reviewed by Law and Jacobsen, 2010). In 

plants, DNA methylation can also exist in the less common non-CG forms, CHG and CHH 

(where H denotes any nucleotide other than G) (Gruenbaum et al. 1981; Cokus et al. 2008; Feng 

et al. 2010; reviewed by Law and Jacobsen, 2010).  

Epigenetic silencing mechanisms can be found that are both dependent and independent 

on DNA methylation. Many silenced genes are methylated in promoter sequences and a loss of 

silencing corresponds to promoter hypomethylation (Mette et al. 2000; McGinnis et al. 2006; 

Zhang et al. 2006; reviewed by Zaina et al. 2010). There are also mechanisms mediating 

transcriptional gene silencing that appear to be independent of DNA methylation, such as a 

pathway in Arabidopsis involving the protein, MORPHEUS’ MOLECULE1 (MOM1). This 

protein is required for transcriptional gene silencing, and mom1 mutants show a change in 
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histone modifications, but no changes in DNA methylation (Numa et al. 2010; Steimer et al. 

2000; Amendeo et al. 2000; Vaillant et al. 2006).  

Recently, genome wide analyses have been done in several species to identify any 

methylation patterns that might be associated with genic and intergenic regions of the genome 

(Codavarapu et al. 2010; Zhang et al. 2006; Feng et al. 2010). Such studies in plants have shown 

DNA methylation to be enriched in highly regulated regions, such as heterochromatin, 

transposons, and repeated sequences (Zhang et al. 2006), suggesting a role in genome defense. 

DNA methylation is frequently found within gene bodies, although not always associated with 

down regulation of the gene where it is located (Zilberman et al. 2007). It also appears to be 

important in developmental regulation, with a loss of methyltransferase activity resulting in 

aberrant development (Finnegan et al. 1996).  

More thorough analyses were performed in Arabidopsis, to identify any specific sequence 

elements that might be targeted for methylation.  It was found that within gene bodies, exons 

appear to be preferentially methylated over introns (Feng et al. 2010).  DNA methylation is 

suggested to work in concert with other epigenetic marks, as it is often found in regions 

containing specifically modified histones (reviewed by Chen 2010; Feng et al. 2010; Zhou et al. 

2010).  

Some genome-wide trends in DNA methylation have been observed for transcriptionally 

silenced and active genes in many plant species, such as Arabidopsis, tobacco, and maize. 

Transcriptionally silenced genes often show promoter methylation, and it appears that 

transcribed genes tend to have lower levels of methylation in 3’ regions and promoters (Zhang et 

al. 2006; Mette et al. 2000; Zilberman et al. 2007; McGinnis et al. 2006).  However, gene 

methylation is not solely associated with silencing, since genes with moderate levels of 
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expression have been found to be methylated more frequently than genes with high or low levels 

of expression (Zilberman et al. 2007). These results reinforce the idea that DNA methylation 

plays a role in gene regulation, but DNA methylation is not always necessary or sufficient for 

epigenetic gene silencing (reviewed in Law and Jacobsen, 2010). 

 Specific mechanisms have been proposed for the maintenance and establishment of DNA 

methylation at the various plant sequence contexts in Arabidopsis. All three contexts of DNA 

methylation can be established by DOMAINS REARRANGED METHYLTRANSFERASE 2 

(DRM2) through an RNA mediated pathway (Chan et al.  2004; Cao et al. 2003). Different 

methyltransferases have been identified based on mutant screens and domain homology that 

maintain methylation in specific sequence contexts (reviewed by Chan et al. 2005). Methylation 

at CG sequences is primarily maintained by DNA METHYLTRANSFERASE 1 (DMT1, also 

known as MET1) (Cao and Jacobson 2002; Finnegan, 1996; Cao et al. 2003). 

CHROMOMETHYLASE 3 (CMT3) is responsible for CHG maintenance, and it has been 

proposed that CHH methylation is maintained through continual de novo methylation by DRM2 

(Lindroth et al. 2001; Vaillant et al. 2006; Chan et al. 2004; and reviewed by Law and Jacobson 

2010). 

An RNA-depended DNA methylation (RdDM) pathway in Arabidopsis has been found to 

target heterochromatic sequences, endogenous protein coding genes, and transgenes for de novo 

DNA methylation and silencing (Kanno et al. 2004; Herr et al. 2005; Zhang et al. 2006; Stonaker 

et al. 2009). This pathway involves the production of small interfering RNA (siRNA) by 

proteins, such as RNA polymerase IV and V subunits, RNA-DEPENDENT RNA 

POLYMERASE 2 (RDR2), and DICER-LIKE 3 (DCL3) (Reviewed Law and Jacobsen 2010; 

reviewed by Arteaga-Vazquez and Chandler 2010). These siRNA then target homologous 
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regions for DNA methylation and establishment of heterochromatin through associating with 

proteins, such as ARGONAUTE 4 (AGO4), Pol V subunits, chromatin remodeling proteins, and 

DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) (Reviewed in Law and 

Jacobsen 2010). Disruption of this pathway can result in a loss of methylation as well as a loss of 

silencing for targeted sequences (Herr et al. 2005). 

Several proteins orthologous to those involved in RdDM in Arabidopsis thaliana (At) 

have been identified in maize based on mutant phenotypes that demonstrate a loss of epigenetic 

gene silencing (reviewed by Arteaga Vazquez and Chandler 2010).  One such mutant, mediator-

of-paramutation 1 (mop1), which results in a loss of siRNA production and loss of epigenetic 

gene silencing, results from a mutation in a gene that encodes a protein orthologous to AtRDR2 

(Arteaga-Vazquez et al. 2010; Alleman et al. 2006; Nobuta et al. 2008). The maize ortholog of 

the largest subunit of the Arabidopsis RNA polymerase IV complex is encoded by Required to 

maintain repression 6 (Rmr6) (Erhard et al. 2009). The maize ortholog of the second-largest 

subunit of RNA polymerase IV and V is encoded by Mediator of paramutation (Mop2) 

(Sidorenko et al. 2009). The locus, Required to maintain repression 1 (Rmr1), encodes a protein 

required to maintain DNA methylation of transposons and production of 24 nt siRNA (Hale et al. 

2009), similar to two Arabidopsis chromatin modifying proteins: DEFECTIVE IN RNA-

DIRECTED DNA METHYATION (DRD1), needed for de novo methylation (Kanno et al. 

2005), and CLASSY1 (CLSY1), required for spreading intercellular RNA-directed silencing 

(Smith et al. 2007).  It is believed that these proteins function in an RdDM pathway similar to the 

one found in Arabidopsis, but further characterization of this pathway in maize is needed to 

know how conserved the mechanisms may be.  
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There are several loci in maize that are useful for studying silencing mechanisms, such as 

the use of epigenetically silenced transgenes (reviewed by Irsigler and McGinnis, 2011). A 

transgenic line has been identified with potential for studying the RdDM pathway in maize 

(McGinnis et al. 2006). This transgene, referred to as Btg, contains a heterologous promoter (35S 

CaMV), an enhancer of expression (adh1 intron), and the coding region for a protein (B1) 

involved in the biosynthesis of the pigment, anthocyanin (Figure 1-A) (Selinger and Chandler 

2001; McGinnis et al. 2006). In tissues expressing the transgene, deep purple pigmentation 

(Figure 1-C3 and C4) is produced from very high expression of b1 driven from the 35S CaMV 

promoter. After the random insertion of Btg through particle bombardment, it was found that 

several lines silenced Btg in a way that was stable, heritable, and dependent on proteins believed 

to be involved in the RdDM pathway (McGinnis et al. 2006).  

A forward genetic screen was conducted, performing an ethyl methanesulfonate (EMS) 

mutagenesis reaction (Madzima et al. submitted). From this screen, 10 families were identified 

that contained plants that segregated into different phenotypes: those with silenced BTG (BTG-

s), those with reactivated BTG (BTG-a), and in one family (tgr2), those with an intermediate 

level of BTG reactivation (BTG-i) (Figure 1-C5) (Madzima et al. submitted). These families 

were designated tgr for transgene reactivated.  In this study, preliminary characterizations of the 

mutants were performed to elucidate what mechanisms were disrupted by the tgr mutations to 

cause reactivation.  

Prior work demonstrated that silencing of the transgene was likely to involve the maize 

orthologs of the RdDM components. It is possible that the tgr mutants represent mutations in 

genes that also encode components of this pathway and may therefore be phenotypically similar 

to the Arabidopsis or maize RdDM mutants. These phenotypes include cytosine hypomethylation 
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in promoter regions of regulated genes and the loss of siRNA in addition to a loss of epigenetic 

silencing (Erhard et al. 2009; Nobuta et al. 2008; Jia et al. 2009; Sidorenko et al. 2009; Hale et 

al. 2009; Chan et al. 2004; Zilberman et al. 2004).  

Characterization of the tgr mutants is useful in understanding which silencing pathway 

TGR proteins function in, and their relative placement within the silencing pathway. Thus, DNA 

methylation of the promoter region of BTG-a, BTG-s, and BTG-i was evaluated in several 

mutants. For tgr2, siRNA abundance was also assayed. If the tgr mutant phenotypes are caused 

by a mutation in a component of the RdDM pathway, then we might expect to see 

hypomethylation of the Btg promoter and a reduction in the amount of siRNA in BTG-a 

individuals relative to the BTG-s individuals.  

Mutations that inhibit the expression of proteins functioning between siRNA production 

and DNA methylation in the RdDM pathway would also be expected to disrupt gene silencing. 

In Arabidopsis, AGO4 is responsible for targeting regions homologous to the siRNA generated 

in the RdDM pathway for DNA methylation (Qi et al. 2006; Zilberman et al. 2004; reviewed by 

Law and Jacobsen 2010). A loss of AtAGO4 results in a loss of methylation and gene silencing, 

but no loss of siRNA (Chan et al. 2004; Zilberman et al. 2004). Three putative maize AGO4 

orthologs have been identified based on sequence similarity to AtAGO4 genes (ChromDB). Two 

of these genes, Ago105 and Ago119, have no sequenced mutations shown to be responsible for 

maize phenotypes. A mutation in ago104 results in a loss of non-CG methylation at some 

heterochromatic sites as well as an increase in repetitive DNA transcript levels (Singh et al. 

2011). If tgr2 disrupts silencing due to loss of functional AGO4 orthologs, then there should be 

lower levels of the maize Ago transcripts in BTG-a plants relative to BTG-s plants.  Reverse-
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transcription quantitative PCR (RT-qPCR) was performed for the genes encoding the three 

possible maize AGO4 orthologs to determine if their expression was altered in tgr2 mutants.  

 

Results and Discussion 

DNA methylation of the BTG promoter is affected by several tgr mutations 

In Arabidopsis, transgene silencing and promoter methylation are frequently correlated 

(Mette et al. 2000); prior work showed that the Btg silencing in this screen is dependent on 

putative maize RdDM proteins and loss of silencing is associated with hypomethylation of the 

Btg promoter region (McGinnis et al. 2006). In order to see whether reactivation of BTG in tgr 

mutants is correlated with a loss of DNA methylation, promoter methylation of the transgene 

was evaluated in BTG-s, BTG-a, and BTG-i plants. Bisulfite conversion was performed on 

genomic DNA for four tgr lines, tgr1, tgr2, tgr3, and tgr11, and a portion of the transgene 

promoter was analyzed.  

 For the methylation analysis of tgr1, tgr2, and tgr11 lines, it was found that the promoters 

of BTG-a plants were hypomethylated relative to promoter regions of BTG-s plants for all 

sequence contexts (Figure 2). These results suggest that the mutation responsible for the 

reactivation of the BTG, as observed in these tgr mutants, also affects the maintenance or 

establishment of DNA methylation in these plants. The tgr2 mutant also exhibited an 

intermediate phenotype, BTG-i (Figure 1-C5). The methylation analysis for promoters of BTG-i 

plants also showed hypomethylation (Figure 2). These results support the idea that the RdDM 

methylation pathway has been disrupted by the tgr2 mutation. More genetic and molecular 

analyses are necessary to understand the nature of the tgr2 mutation and its ability to produce an 

intermediate phenotype.  
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With tgr3 plants, there appears to be little or no difference between the methylation status 

of BTG-s and BTG-a promoters (Figure 2). BTG-a tgr3 plants show subtle pigmentation in 

comparison to BTG-a plants for other mutants (Figure 1-C6).  Because it appears that the slight 

disruption of silencing created by tgr3 has little or no observed effect on the DNA methylation of 

the Btg promoter in this mutant, reactivation could be due to the interruption of a gene involved 

in RdDM that is not required for DNA methylation or that is in a distinct, DNA methylation 

independent pathway. However, it is also possible that there are methylation differences that 

could not be detected by the methods used for the area of interest in this study. Further work with 

the tgr3 mutant line will be necessary to deduce the factors responsible for its slight BTG 

reactivation.  

  

Global siRNA levels are unaffected by the tgr2 mutation  

A reduction in 24 nt siRNA is frequently observed with mutations in genes encoding 

proteins believed to be involved in the RNA production and processing portion of the maize 

RdDM pathway ( Hale et al. 2009, Erhard et al. 2009; Nobuta et al. 2008; Sidorenko et al. 2009).  

In order to see if tgr2 mutants are defective in 24 nt siRNA production, global siRNA levels in 

BTG-s and BTG-a tgr2 plants were analyzed using polyacrylamide gel electrophoresis (PAGE). 

For this experiment, siRNA isolated from immature ears was separated on a gel and observed 

using SYBRGold staining. Since the mop1-1 mutation has been shown to cause a reduction in 

siRNA accumulation (Nobuta et al. 2008), siRNA from Mop1 wildtype and mop1-1 mutant ears 

were evaluated along with siRNA from tgr2 plants and used as a control. Consistent with 

previous findings, the mop1-1 mutant showed a reduction in 24 nt siRNA compared to the 

wildtype individual, but this phenotypic relationship was not observed in BTG-a tgr2 
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individuals.  siRNA levels appear consistent between BTG-a and BTG-s tgr2 individuals (Figure 

3).  

There were two samples that appeared to be outliers in this data set: samples 2G and 1P. 

Sample 2G, a BTG-s tgr2 individual, shows evidence of degradation, which is apparent by the 

absence of rRNA in the gel (Figure 3-C) and the increased background for this lane (Figure 3-A). 

An isolated comparison of 24 nt siRNA for sample 1P, a BTG-a tgr2 individual, against other 

mutants does suggest a lower level of 24 nt siRNA compared to wild type. However, this effect 

is subtle compared to mop1-1 mutants. Also, the RNA for this sample was isolated separately 

from any of the other RNA, which may also explain the observed difference from the other 

samples. Thus the majority of the BTG-a samples were able to produce 24 nt siRNA and there 

was little difference between the siRNA levels of BTG-s and BTG-a plants (Figure 3). These 

results suggest that proteins involved in siRNA production, such as RMR6, RMR1, MOP1, and 

MOP2, are not functionally affected by the tgr2 mutation. These results combined with previous 

findings, indicate that proteins functioning downstream of siRNA production in the RdDM 

pathway may have been inhibited to cause reactivation.  

 

No differential expression is observed for putative argonaute maize transcripts in tgr2 

mutants 

 Because DNA methylation is reduced but siRNA production is not impacted in tgr2 

mutants, the RdDM pathway could be disrupted in these mutants downstream of siRNA 

production, but upstream of DNA methylation. Since AtAGO4 proteins direct siRNA in the 

RdDM pathway to target regions for methylation and silencing (Qi et al. 2006; Zilberman et al. 

2004), it is possible that tgr2 is affecting maize AGO protein function in a way that inhibits 



13 
 

silencing. To determine if expression of AGO4 orthologs is impacted by tgr2, RT-qPCR was 

performed on RNA from BTG-s and BTG-a individuals, targeting putative maize AGO4 

ortholog transcripts.  

Total RNA isolated from immature ears was used to analyze transcript abundance using 

primers designed to include sequences unique to one of three maize Ago genes, Ago104, Ago105, 

and Ago119, with sequence similarity to genes encoding AtAGO4 (ChromDB; Singh et al. 

2011). For specificity to the transcript and specificity to individual loci, primers were designed to 

anneal to the coding region and 3’ UTR of transcripts, respectively.   

After analysis of RT-qPCR results, it appears that there is no difference in the transcript 

levels for the three identified AGO genes in BTG-s and BTG-a ears (Figure 4). When analyzing 

the amplicon levels for the 3’ UTR of transcripts, no difference was observed between BTG-s 

and BTG-a individuals, and slight differences were reported for products targeted by coding 

region primers (Figure 4). However, the same trend in expression differences observed from the 

coding region results was also seen for both endogenous controls, GAPC and ubiquitin 

conjugating enzyme genes, in all samples evaluated. Although data is already normalized for 

this, the fact that the change is small and the pattern identical to that of the control gene, the 

results seem suspect. 

Since the fold changes in expression levels for the AGO4-like genes between BTG-s and 

BTG-a plants are small (<2 fold) and the trend of transcript level differences for the possible 

maize AGO4 orthologs between BTG-s and BTG-a plants is also seen for control genes, it 

appears that these three AGO loci, Ago104, Ago105, and Ago119, showed no change in transcript 

levels due to the tgr2 mutation. Based on these results, it appears that the tgr2 BTG-a phenotype 
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does not result through inhibiting the transcription of AGO4-like genes.  However, these results 

are not conclusive and this experiment will be repeated.  

 

Conclusion 

 This study shows that the reactivation of BTG correlates with a loss of methylation in 

tgr1, tgr2, and tgr11 lines, consistent with the involvement of TGR1, TGR2, and TGR11 in a 

DNA-methylation associated silencing pathway. These results encourage further analyses to look 

for ways the RdDM pathway may have been impacted by these tgr mutations to cause BTG 

reactivation. The fact that tgr3 has negligible changes in its methylation levels between BTG-s 

and BTG-a plants, suggests that TGR3 may either function in a different silencing pathway or in 

the RdDM pathway in a capacity that does not directly impact DNA methylation. A more in-

depth analysis of tgr2 plants shows that the tgr2 mutation has no effect on global siRNA 

production and the transcript levels for three putative maize AGO4 orthologs do not appear to be 

different between BTG-s and BTG-a tgr2 plants. Based on these results, further analyses to 

identify effects of the tgr2 should focus on other proteins believed to be involved in the RdDM 

pathway downstream of siRNA production. Also, mapping and cloning experiments to identify 

the chromosome location and candidate genes for tgr mutations are currently being done to 

characterize these mutants. Such additional experiments should bring us closer to identifying the 

factors responsible for transgene silencing in maize.  

 
 

Materials and Methods 

 

Plant material 
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The BTG and tgr mutant lines used in this study have been described previously 

(McGinnis et al. 2006; Madzima et al. submitted). The b1 transgene (BTG) described is driven 

by the 35S Cauliflower Mosaic Virus (35S CaMV) promoter, includes the first intron of the 

maize alcohol dehydrogenase1 (adh1) as an enhancer of expression, and includes the coding 

region for the Booster1 (b1) gene. The b1 gene encodes a transcription factor involved in the 

synthesis of the purple pigment, anthocyanin (Selinger and Chandler, 2001).  The endogenous 

maize b1 gene is a paramutable locus (Coe et al. 1959, reviewed by Chandler, 2010), but 

sequences that mediate paramutation (reviewed by Chandler, 2010) are not a part of the 

transgene construct.  

The tgr mutant plants were generated when non-transgenic pollen treated with ethyl 

methanesulfonate (EMS) was applied to Btg silenced (Btg-s) ears (Madzima et al. submitted). 

Ten lines were identified that contain mutations leading to reactivation of the silenced Btg and 

were designated tgr, for transgene reactivated, and numbered sequentially (tgr1- tgr6, tgr8-

tgr11). Mutations in the tgr families are most likely recessive mutations, because individuals in 

the M1 generation did not show any evidence of BTG expression (Madzima et al. submitted). 

The transgene is not currently mapped and the tgr mutations are currently uncloned.  

Four of the identified lines are the subject of this study and segregated into plants that 

silenced the BTG (BTG-s), showing all green vegetative tissue (Figure 1-C1 and C2), and plants 

that reactivated the transgene (BTG-a), producing a deep, purple phenotype (Figure 1-C3 and 

C4).  The tgr2 families contain plants exhibiting an additional phenotype with intermediate 

reactivation of BTG (BTG-i) (Figure 1-C5) and the plants reactivating the transgene for the tgr3 

families show a lower level of reactivation relative to the other mutants (Figure 1-C6).  
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Bisulfite sequencing analysis 

DNA was isolated from the mature leaf tissue (QIAgen DNeasy kit) of a Btg-s control 

plant (before mutagenesis) and plants exhibiting each of the described phenotypes for four tgr 

lines (tgr1, tgr2, tgr3, and tgr11). Up to three plants were used for the methylation evaluation of 

each phenotype for each mutant line to give statistical weight to the analysis.  Genomic DNA 

was subjected to bisulfite conversion (MethylEasy Xceed Kit, Human Genetic Signatures, 

Australia) and two regions of interest were amplified with nested PCR, using degenerate primers.  

Primers were designed using the Kismeth plant bisulfite sequencing primer design 

program (Gruntman et al. 2008). The primary region of interest consisted of a ~590 bp segment, 

spanning a region of the 35S CaMV promoter and a region of the adh1 intron of the Btg. This 

size was used for analysis so as not to select for unconverted sequences (Henderson et al. 2010). 

The tgr lines contain a selectable mark that is driven by the same promoter as Btg, but does not 

include the adh1 intron (McGinnis et al. 2006). The location of the primer was chosen because it 

was selective for the Btg over the other transgene by including the adh1 sequence in the target 

region.  

For the first round of PCR, primers, KM64 and KM69, were used to amplify the 

promoter region and adh1 intron. Then, the second round of PCR used nested primers, KM73 

and KM78. (Sequences described in Table 1) PCR conditions were as follows: 94 oC for 3 min, 

thirty cycles of 94 oC for 30 sec, 1 min based on annealing temperature of the primer used (52-46 

oC),and  72 oC for 1.5 min, and a final extension cycle of 72 oC for 10 min.  

Bisulfite sequencing identifies methylated cytosines as those that are protected from 

conversion by the presence of a methyl group (Henderson et al. 2010). In order to confirm that 

the conversion reaction was working and to be able to confidently say that unconverted cytosines 



17 
 

are due to methyl groups and not poor conversion, a control was needed. Primers were designed 

to target a region that is known to be consistently unmethylated to be used as an endogenous 

control for conversion (Madzima et al. submitted).  

PCR products were purified (Wizard SV Gel and PCR Clean-up System, Promega) and 

inserted into pCR2.1 or pCR4 TOPO TA cloning vectors (Invitrogen). The prepared plasmid 

vectors were then transformed into chemically competent E. coli cells (Invitrogen). Transformed 

strains were grown on selective medium and blue/white selection was used to identify colonies 

containing the insert (QIAgen Prep Spin Mini-prep kit). After confirming that the vectors had the 

appropriate insert, using restriction enzyme digests (Fermentas and Promega), clones were 

sequenced. The sequences from the converted strands were compared to an unconverted control 

sequence, using the computer program, Kismeth (Gruntman et al. 2008), to generate methylation 

data for each of the three contexts found in plants.   

The endogenous control was carried through the same type of analysis as the Btg 

promoter-intron region.  Samples showing methylation of the promoter region, but also 

methylation of the control region, were reconverted on the assumption that conversion was 

incomplete. It was found that the methylation of the adh1 intron of the transgene corresponded to 

conversion of the control region.  For some analyses, the adh1 intron was used as a control for 

conversion. 

 In addition to removing sequences reporting high levels of intron methylation, sibling 

clones were eliminated from the data set analyzed. Sibling clones are sequence reads that might 

have come from multiple PCR products of the same genomic sequence. They are identified as 

any sequence with the exact same methylation pattern (Henderson et al. 2006).  By processing 

the data, we prevent results from being weighted by a single DNA molecule that might have 
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been over represented in the data set through multiple sibling clones of the same strand. Sibling 

clones cannot be identified for sequences showing no methylation or complete methylation.  

Cleaning the data had no effect on the overall data interpretation; both data sets, before cleaning 

and after, showed the same trends in methylation differences when comparing BTG-s and BTG-a 

plants (and sometimes BTG-i) for the methylation analysis.  

  

Polyacrylamide Gel Electrophoresis analysis of siRNA 

 RNA for the PAGE analysis was isolated from 3g of immature ear tissue, using TRI-

REAGENT with some modifications to the protocol. After total RNA was isolated, the solution 

was enriched for low molecular weight molecules using a 5% polyethyleneglycol MW 8000 

precipitation followed by two phenol:chloroform:isoamyl-alcohol extractions and ethanol 

precipitations. Isolated RNA was re-suspended in DEPC water.  For the visualization, 20 µg of 

RNA was loaded into a 15% denaturing UREA polyacrylamide gel. The gel was 

electrophoresed, at 100V for 13 hours. Staining of the gel was done using SYBR Gold 

(Invitrogen), exposing the gel to the stain for 30 min soaking and 30 min agitating. Imaging of 

the gel was done with a Typoon Trio (General Electric), using the 526 SP filter and the 532 

Green laser.  

Mutants for mop1-1 were used as a reference to discern whether a loss of siRNA was 

detectable with our methods. The mop1-1 mutation is due to a Mu insertion, so genotyping of the 

ears was done using multiplex PCR with a forward primer designed for the Mop1 sequence and 

two reverse primers targeting the Mu insertion and the flanking sequence, respectively. PCR 

product size confirms the genotype of the sample for the reaction, with a heterozygous individual 



19 
 

producing both bands.  PCR conditions are as follows: 94 oC for 5min; 30 cycles of 95 oC  for 35 

sec, 56 oC for 45 sec, and 72 oC for 45 sec; and an extension period of 72 oC  for 10 min. 

 

RT- qPCR analysis for putative AGO proteins 

RNA was isolated from immature ears of four BTG-a plants and two BTG-s plants from 

the tgr2 mutant line.  TRI-REAGENT was used for RNA isolation following the protocols from 

the manufacturer. The RNA was then cleaned up in RNA columns (RNeasy Mini Kit, QIAGEN) 

and treated with DNase (Promega), followed by another RNA column clean-up (RNeasy Mini 

Kit, QIAgen). Oligo(dT) primers were used to generate cDNA from 1µg RNA using Superscript 

III reverse transcriptase, following the protocol from the manufacturer (Invitrogen). Reverse-

transcription, quantitative PCR (RT-qPCR) was performed using primers specific for Ago104, 

Ago105, and Ago119 (Table 1).   

Two pairs of primers were designed for each of the transcripts as a control for gene 

specificity. Coding regions for genes are generally conserved across genotypes. Therefore, 

primer pairs designed to target the coding regions of AGO genes were used to target a specific 

transcript sequence. Additionally, 3’ UTR regions were analyzed because UTR sequences 

generally contain more variability between homologous genes and therefore allow for more 

specificity in primer design to targeting individual Ago4-like loci.  

 PCR amplification of 1µl of cDNA with SYBR Green reagent (Invitrogen) was 

performed using the 7500 Fast Real-Time PCR system (Applied Biosystems).  Reaction 

conditions were 50 oC for 2 min; 95 o C for 10 min; 40 cycles of 95 o C for 15 sec, 58 o C for 30 

sec; and 72 o C for 30 sec, followed by a program for melting curve analysis. PCR products were 

resolved in a 2% agarose gel for confirmation of amplicon size. The comparative CT method was 
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used to calculate relative expression values (Livak and Schmittgen, 2001). The data was 

normalized to the expression of ubiquitin conjugating enzyme (Sekhon, 2011) and plant 3G was 

used for a calibration standard. The expression levels for GAPC were used as a secondary 

internal control (Sekhon, 2011), but were not included in the data analysis calculations.  
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Abreviations used 

 
tgr= transgene reactivated   
Btg = b1 transgene 
BTG-s = b1 transgene silenced 
BTG-a = b1 transgene reactivated 
BTG-i = b1 transgene reactivated to an intermediate degree 
RdDM = RNA-dependent DNA Methylation 
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Table 1 - Primers Used 
Primer 
name 

Sequence (5’ – 3’) Description 

KM64 AAAGGAYAGTAGAAAAGGAAGGTGG Forward,  35S CaMV 
promoter, round 1 

KM69 CAAACTTTTCRCRCTTRCTAAACAC 
 

Reverse,  adh1 intron, 
round 1 

KM73 CCTCCTTRCAARTTRCAACATTCT Forward,  35S CaMV 
promoter, round 2 

KM78 ATYATTGYGATAAAGGAAAGG 
 

Reverse,  adh1 intron, 
round 2 

KM 447 TTGGAAGAGTYAAGAGTGGYAGGTA 
 

Forward,  unconverted 
control, round 1 

KM450 TTCAARCTATACACTRCAACAC 
 

Reverse,  unconverted 
control, round 1 

KM448 GGATGGATGTAATTAAATAYAGTAG Forward, unconverted 
control, round 2 

KM449 CATRCATCTCCCTCTCTATCTC 
 

Reverse, unconverted 
control, round 2 

KM384 TCTCCACCGCCCACTTGAT Forward , Mop1  

KM385 CCCAAGAGCTGTCTCGTATCCGT Reverse, mop1-1 Mu 
insertion 

KM386 CTTCATCTCGAAGTAGCGCTTGTTGTCC 

 

Reverse, wildtype Mop1  

KM649 CACCAAGTTCTTTCAGACGGCATC 
 

Forward, Ago104, coding 
region  

KM650 
 

GTTGTTCCAATCATCCCAGCATGTG 
 
 

Reverse, Ago104, coding 
region 

KM651 GCATACCTCGGCTGGCAGTGC 
 

Forward, Ago104, 3’ 
UTR 

KM652 GCCTTACTAACACAAAACATGGAGC 
 

Reverse, Ago104, 3’ UTR 

KM653 CTGGACATTCTGATATACCGTCTG 
 

Forward, Ago105, coding 
region 

KM654 CCCGTGGCTTAAACAACGAGTC 
 

Reverse, Ago105, coding 
region 

KM655 GCATACCTCGGCGGGCAGCGT 
 

Forward, Ago105, 3’ 
UTR 

KM656 AGGCAACAAGTTCATGGGTTCAG 
 

Reverse, Ago105, 3’ UTR 

KM657 CTCCTGGACATTCTGATGTACCATCTA 
 

Forward, Ago119, coding 
region 

KM658 CATTTTAGGTGATTGGGTGCGGAC 
 

Reverse, Ago119, coding 
region 
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KM659 GCATACTTCGGCGGGCAGCGT 
 

Forward, Ago119, 3’ 
UTR 

KM660 GAGCGTCATCCAAGAGCGTCTACC 
 

Reverse, Ago119, 3’ UTR 
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