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ABSTRACT: 

Functional genetics relies on the ability to alter specific genes in order to monitor their 

functions, a technique currently only tractable in model organisms such as the plant Arabidopsis 

thaliana. The rapid pace at which the genomes of non-model species are being sequenced has 

outpaced the ability to make functional comparisons between organisms due to the lack of 

knockdown or knockout mutant collections in non-model organisms. Designer Transcription 

activator-like-effector nucleases (dTALENs) are emerging genetic tools that allow genome 

editing in a variety of model and non-model organisms, permitting targeted gene knockdowns or 

knockouts. TALENs are engineered to harness the sequence-specific DNA binding capacity 

found in naturally occurring peptides to target specific regions of the genome for mutagenesis. 

Here we discuss the development of dTALENs to target the telomerase reverse transcriptase 

(TERT), the enzymatic subunit of telomerase, which is necessary for stem cell immortality. In 

most species, loss of telomerase results in genomic instability and stem cells that rapidly and 

prematurely senesce. In A. thaliana the process of stem cell senescence takes about nine 

generations, longer than in other eukaryotic lineages. To better understand this phenomenon, we 

are attempting to knock out TERT in several non-model relatives of A. thaliana. 
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INTRODUCTION: 

Telomeres are repetitive sequences of DNA at the physical ends of linear chromosomes. 

In plants this repeat is TTTAGGG5. Telomeres have two major functions: 1) they distinguish the 

chromosome end from a double-stranded break, and 2) they solve the end replication problem, 

which is the inability of DNA polymerase to completely synthesize the lagging strand of DNA, 

causing a loss of DNA during each round of replication5. Telomeres act as a buffer against losing 

essential segments of DNA. Telomeres are composed of mostly double-stranded DNA, but have 

a single-stranded G-rich stretch at the end, known as the G-overhang5. Telomeres also associate 

with double and single stranded binding proteins, which bind telomeres and promote integrity. 

The double stranded proteins help to ensure that the telomere is not seen as a double stranded 

break, hiding it from DNA repair mechanisms5. Proteins on the single stranded portion help to 

recruit the enzyme telomerase to the telomere end5. Telomerase maintains telomere length by 

extending the single stranded over-hang5. Telomerase has two critical components, which are 

telomerase reverse transcriptase (TERT) and the telomerase RNA (TER)2. TER provides an 

RNA template for reverse transcription of DNA by TERT2. TERT uses a RNA template in TER 

to extend the telomeric DNA by reverse transcription, lengthening the single stranded overhang 

of telomeric DNA2. Following the extension of the single stranded G-overhang, DNA 

polymerase alpha fills in the lagging strand to make double-stranded DNA5. Telomerase cannot 

function in the absence of TERT or TER2. Thus, both telomeres and telomerase are necessary for 

the maintenance of linear chromosomes. 

In Arabidopsis thaliana, the double stranded portion of the telomeric DNA is about 2-

5Kb, and the G-overhang is around 20 nucleotides5. Arabidopsis is an ideal experimental system 

for telomere biology because, like humans and many other complex eukaryotes, telomerase 

activity is restricted to actively dividing cells. Also, many genes that are involved in 

chromosome end protection and the regulation of telomerase in Arabidopsis have orthologs in 

both yeast and mammals3. Most importantly, Arabidopsis has an extraordinary tolerance to 

genome instability7. Many of the mutations in the DNA repair mechanism or in genes related to 

telomeres and telomerase that are lethal in mammals, are not lethal in Arabidopsis3. When using 

reverse genetics to determine the function of TERT, through the use of readily available tDNA7 

insertion lines to create Arabidopsis tert null mutants, Arabidopsis plants persist for eight to ten 

generations before senescence6. In the absence of TERT, telomeres progressively shorten, as has 
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been shown by Terminal Restriction Fragment (TRF) analysis6, which measure bulk telomere 

length. Cytological studies show that anaphase bridges begin to form after about five generations 

without telomerase6, indicating that telomeres have become critically short and are no longer 

being recognized by the cell as telomeres, but as double stranded breaks6. The result is 

chromosome fusion through the plants natural DNA repair systems. Bridges can be observed 

during the anaphase stage of replication where bridged chromosomes are pulled towards opposite 

poles and eventually break, causing more double stranded breaks to form in the daughter cells 

leading to more chromosomal fusions. In Arabidopsis, the terminal phase of the plant typically 

has five anaphase bridges6. Morphological defects become visible in Arabidopsis tert mutants 

after six generations, at which time the stem thickens and there are changes to the branching 

patterns and size of the plant6. Despite these defects, Arabidopsis continues cycling for several 

generations. This ability to continue cycling in the face of massive genomic instability is unusual 

among eukaryotic organisms that lack telomerase activity. It is unknown whether this feature is 

unique to Arabidopsis or a feature of other related Brassicaceae.  Close relatives of Arabidopsis 

have markedly shorter telomeres, which may affect their ability to cope with the loss of 

telomerase.   

Reverse genetics relies on the ability to alter specific genes in order to monitor their 

functions, a technique that is currently most tractable in genetic model organisms such as the 

plant, Arabidopsis thaliana. The rapid pace at which the genomes of non-model species are 

being sequenced has outpaced the ability to make functional comparisons between organisms 

due to the lack of knockdown or knockout mutant collections for non-model organisms. Designer 

Transcription activator-like-effector nucleases (dTALENs) are emerging genetic tools that allow 

genome editing in a variety of model and non-model organisms, permitting targeted gene 

knockdowns or knockouts.  

dTALENs provide specificity in gene editing. dTALENs harness a naturally occurring 

protein secreted by the bacterial plant pathogen, Xanthomonas, to achieve sequence specific 

binding to DNA4.  These transcription activator-like effector (TALE) proteins bind to the 

promoter sequences in the host plant and activate expression of genes that aid in infecting the 

plant9. TALEs are proteins composed of arrays of highly conserved and repetitive 33-34 amino 

acid repeat domains, which are identical, with the exception of the 12th and 13th amino acids on 

each protein subunit, which recognize specific nucleotides in the DNA4. By understanding the 
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mechanisms used by naturally occurring TALE proteins, we can engineer these to bind a target 

region of DNA4. These can be inserted into the genome as DNA, transcribed into mRNA, and 

translated into a protein that will recognize the target sequence. The ultimate goal is to knock out 

the gene in order to probe for its function. In order to accomplish this, a TALE is combined with 

a DNA cleavage domain, or a FOK1 endonuclease (N). The FOK1 endonuclease acts as a 

dimer4. Therefore, a double stranded break will only be introduced when two TALENs designed 

to bind opposite DNA strands dimerize. Each dTALEN can be engineered to recognize and bind 

18-23 nucleotides4, which results in a 36-46 nucleotides of specificity. 

After the double stranded break is introduced into the target gene, the cell will then use 

its natural repair systems to fix the double stranded break. In plants, this is typically non-

homologous end joining4, which does not use a template to repair the DNA. As such, the repair 

process is imperfect and can result in insertion or deletion mutations at the site of repair, which 

may cause catastrophic frameshift mutations in the protein coding sequence, abolishing the 

function of the gene.  

In this project, I attempt to knockout the TERT gene in several relatives of Arabidopsis 

thaliana to probe the function of the TERT gene and determine if the ability of cells to replicate 

and persist through multiple generations in the absence of telomerase is a feature of all plants, or 

only of Arabidopsis. Since there is variation in telomere length among Brassicaceae species, my 

current goal is to use dTALENs to knockout the TERT gene in Arabidopsis and its relative 

Capsella rubella1, whose telomeres are three times shorter than those of Arabidopsis, suggesting 

it may persist for fewer generations in the absence of telomerase. This comparative framework 

will illuminate the function of telomerase in genome stability in a major eukaryotic kingdom of 

life.  
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MATERIALS AND METHODS: 
 

 Methods for assembly of dTALENs were adapted from those used in Li et al. 20114. All 

plasmids were provided by the Yang lab, along with a detailed protocol and consultation4. 

 

Transformation and Purification of Plasmids 

 For transformation of all plasmids, with the exception of the pTL-n vector, plasmid DNA 

was transformed into Top10 competent cells and plated to selective media (LB + 50µg/mL 

Ampicillin plates). These plasmids fit the General Plasmid map (Figure 2). The pTL-n plasmid 

differs from all others in that it contains a Tetracycline, rather than Ampicillin, resistance gene, 

and it contains a CCDB kill gene cassette (Figure 1). Accordingly, the pTL-n empty vector was 

propagated in CCDB survival cells (Invitrogen). These were plated on LB and 10µg/mL 

Tetracycline plates. Plates were incubated at 370C for 20-24 hours or until visible colonies 

formed. After plating, colonies were picked and placed in liquid culture overnight with LB and 

the appropriate drug. The Zymo Plasmid Miniprep kit was used to extract and purify the plasmid 

DNA. Plasmid concentrations were quantified and diluted to a stock concentration of 200ng/µl 

for use in assembly. To confirm the size of the insert, we digested these plasmids with the 

BSMBI restriction enzyme at 370C for one hour, inactivated the restriction enzyme at 650C for 

10 minutes, and ran on a 2% agarose gel. The expected product length is small, so the gel was 

post-stained with EtBr. Inside each of the cut sites should be a 33-34 amino acid, or 99-102 base 

pair sequence to encode for the monomer.  However, the head and tail plasmids contain 

additional sequence and will be longer. To confirm the pTL-n plasmid length, we PCR amplified 

with the TALEN_F and TALEN_R primers (Appendix A). The expected product was 2680bp. 

 

Determine Target Sequence 

 We obtained publicly available TERT sequence for Arabidopsis and C. rubella from 

CoGe and visualized using Geneious. Since a frame shift mutation beginning in the first exon is 

more likely to abolish the function of a gene, a conserved sequence between Arabidopsis and C. 

rubella in TERT within the first exon was chosen as a target. The “forward” and “reverse” 

TALENs were designed to targeted adjacent stretches of DNA but in opposite directions (Figure 

3). 
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Modular Assembly 

 In TALEs, when the 12th and 13th amino acids are an asparagine and isoleucine, two 

asparagines, an asparagine and glycine, or a histidine and a glutamic acid, they will recognize an 

A, G, T, and C respectively. These plasmids are initially assembled into three separate 8-mers for 

each TALEN, and subsequently further assembled into 24-mers. Since these are assembled as 8-

mers, there are eight sets of four different subunits, each recognizing one of the four nucleotides. 

These all have specific BSMBI cut sites that will leave a specific overhang as depicted in the 

table blow. This determines the order of assembly according to the desired target sequence (see 

Table 1 below). 

 

Table 1: BSMBI Digest Overhangs to Ensure Correct Ligation 

Set 5’ Overhang 3’ Overhang 

1 (A, C, G, or T) ACGT GCGG 

2 (A, C G, or T) CGCC GCCA 

3 (A, C, G, or T) CGGT GGAA 

4 (A, C, G, or T) CCTT AAGT 

5 (A, C, G, or T) TTCA GAGA 

6 (A, C, G, or T) AGAG CCAG 

7 (A, C, G, or T) GGTC AGCT 

8 (A, C, G, or T) TCGA GTCT 

 

The first and last set is unique for each of the three 8-mers to ensure proper assembly and 

ligation into the final vector. Table 2 on the next page depicts these differences. These plasmids 

are named for the base pair that the 12th and 13th amino acids on that plasmid will recognize, and 

their numeral order of assembly. Each plasmid in a single set will have the same overhang in 

Table 1, and can be chosen based on the target sequence.  

!
!
!
!
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Table 2: Plasmids for Ligation of 8-mers 

First 8-mer Options 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 

Head A, 

C, G, T 

A-2, C-2, 

G-2, T-2 

A-3, C-3, 

G-3, T-3 

A-4, C-4, 

G-4, T-4 

A-5, C-5, 

G-5, T-5 

A-6, C-6, 

G-6, T-6 

A-7, C-7, 

G-7, T-7 

PstR-A, 

T, G, C 

Second 8-mer Options 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 

PstF-A, 

C, G, T 

A-2, C-2, 

G-2, T-2 

A-3, C-3, 

G-3, T-3 

A-4, C-4, 

G-4, T-4 

A-5, C-5, 

G-5, T-5 

A-6, C-6, 

G-6, T-6 

A-7, C-7, 

G-7, T-7 

BsrR-A, 

T, G, C 

Third 8-mer Options 

Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 

BsrF-A, 

C, G, T 

A-2, C-2, 

G-2, T-2 

or Tail 2 

A-3, C-3, 

G-3, T-3 

or Tail 3 

A-4, C-4, 

G-4, T-4 

or Tail 4 

A-5, C-5, 

G-5, T-5 

or Tail 5 

A-6, C-6, 

G-6, T-6 

or Tail 6 

A-7, C-7, 

G-7, T-7 

or Tail 7 

Tail 8 

Set 1-8 was determined, corresponding to the target sequence for each of the six 8-mers needed 

to make the two TALENs: TALEN 1 and TALEN 2 (Figure 4). 

 

Digestion and Ligation of Plasmids 

 To assemble each 8-mer, one plasmid was selected from each set of the modular repeats 

and 1µl of each plasmid was placed in a PCR tube. 1µL of pTL-n, 2µL of ligation buffer, 1µL of 

BsmBI, and 7µL of H2O were added to create a 19µl reaction. If the plasmid had low digest 

efficiency (Figure 5), 1.5-2µL was added, subtracting the additional amount from the water to 

maintain the 19µl reaction. The DNA was digested by BSMBI at 370C for one hour and then 

deactivated at 650C for 10 minutes. Next 1µl of T4 ligase was added and the ligation reaction 

was done under the following thermocycler program conditions: 30 minutes at 160C, 50 cycles of 

5 minutes at 370C followed by 5 minutes at 160C, 15 minutes of 550C, and 15 minutes at 800C. 

Store at 40C. After ligation, 5µl of the reaction was transferred to endura competent cells. After 

transformation, these were plated on LB + 10µg/mL Tetracycline plates. The CCDB gene on the 

pTL-n vector served as a ligation control, while the tetracycline resistance gene served as a 

transformation control.  

!
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Colony PCR and Sequencing 

 The colonies were screened for successful ligation, using the TALEN_F and TALEN_R 

primers (Appendix A), which recognize sequences on the pTL-n primer upstream of the BsmBI 

cut site (Figure 1). This reaction has an expected product of around 2680bp. Colonies with the 

appropriate lengths were placed into liquid culture overnights in LB+10µg/mL Tetracycline. The 

plasmid was then purified using the Zymo Plasmid Miniprep kit. If the length was the expected 

2680bp, the pGEM-T Easy Vector kit and protocol was used for sequencing with Eton M13F and 

M13R primers.  

 

The following experiments are ongoing: 

 

Assemble the Repeat Arrays Into the Scaffold Vector of TALEN 

 The first 8-mer was digested with SphI (cuts at 5’ end) and Pstl (cuts at 3’ end), the 

second 8-mer with Pstl (cuts at 5’ end) and BsrGI (cuts at 3’ end), and the third 8-mer with 

BsrGI (cuts at 5’end) and AatII (cuts at 3’ end). The repeat arrays were then separated from the 

vector in a 1% agarose gel. The fragmented DNA was Gene cleaned. pSK/AvrXa7-FoK was 

digested with Sphl and AatII and the DNA was directly gene cleaned. The three 8-mers were 

then ligated together with a FOK1 endonuclease on the end into the final vector. The insertion 

size was confirmed by PCR. 

 

Transformation of TALENs into Genome of Plant 

 For each TALEN, TALEN 1 and TALEN 2 (Figure 4), the TALE and FokI fusion 

nuclease, from the ATG start codon to the TGA stop codon, was cut out with KPNI at 5’ and 

Spel at 3’ to clone each TALEN separately8 into the destination vector for Agrobacterium 

tumefaciens. Transformation of the destination vector into electrocompetent Agrobacterium 

tumefaciens cells occurred through electroporation. C. rubella and Arabidopsis wild type plants 

were then transformed by agrobacterium mediated plant transformation to cause mutagensisis in 

the desired site on the tert gene. Agrobacterium tumefaciens with the gene carrying the vector 

was prepared for storage at -500C with glycerol. These were grown under gentamicin and 

spectinomycin in LB in an initial seed culture, and then the seed culture was used to inoculate a 

large culture of LB, gentamicin and spectinomycin. These large cultures were then spun down 
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and resuspended in 5% sucrose and 0.12% Silwet L-77 solution. Next, a floral dip method was 

used for transformation into the plant. The flowers were dipped in the agrobacterium until there 

was a liquid coating on the flower. These were then placed under a dome for a day and grown 

normally. The dry seed as then harvested and planted on MS selection plates. These were first 

stratified in the cold for a few days and then grown under light for a week and transplanted. 

These plants were then genotyped for positive transformants. When C. rubella and Arabidopsis 

plants were successfully transformed for each TALEN, one plant with TALEN 1 and another 

with TALEN 2, these plants would then be crossbred to obtain a plant with both constructs8.  

 

Comparison of tert Knockouts Over Generations 

 After the plants were successfully transformed and were expressing both TALENs, these 

plants were grown for several generations. Each generation was tested by Terminal Restriction 

Fragment (TRF) Analysis, which measures bulk telomere length.  A chromosome squash was 

performed at each generation to probe for chromosome fusion. This can be seen as chromosome 

bridges during the anaphase stage of cell division. Lastly, phenotypic differences across different 

generations were noted. These tests were then compared to the already compiled data on 

Arabidopsis thaliana.!
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RESULTS: 
 

Transformation and Purification of Plasmids  

When the pTL-n vector was first transformed, it was transformed into TOP10 competent 

cells, which resulted in a lawn of colonies on the plate, suggesting failed selection. To test this, a 

separate tetracycline mix was used. Overnights were made with pTL-n and another general 

plasmid C-5. Both plasmids were grown under selection with the old and new tetracycline drug. 

Similar results were obtained with both tetracycline mixes, suggesting that the problem did not 

lie in faulty tetracycline. To test the competent cells, endura competent cells were used instead of 

the TOP10, and there was greater selection observed. It was discovered that the TOP10 cells had 

tetracycline resistance. There are two lines of TOP10 cells; one line confers tetracycline 

resistance, and another line does not. The line that does not confer tetracycline resistance was 

ordered, but the wrong line was received. However, there continued to be problems with the 

pTL-n vector, as cells were not growing very quickly. We obtained a pTL-n map from the Yang 

Lab (Figure 1), which depicted that there was also a CCDB kill gene, explaining the poor 

survival observed with endura competent cells. CCDB survival cells were finally used for a 

successful transformation. Endura competent cells were used after the digestion step, where the 

CCDB gene is cut out of the plasmid.  

 

Digestion and Ligation of Plasmids 

After a successful transformation and purification of all of the plasmids, each plasmid 

necessary for TALEN 1 and TALEN 2 (Figure 4) was digested with BSMBI and run on an 

agarose gel to determine if the cut was the expected length of approximately 33-34 amino acids 

or 99-102 base pairs, with the exception of the head and the tail, which were expected to be 

longer. It was discovered that each plasmid had the expected product length, but the cut site 

efficiency for each plasmid was different (Figure 5). This discovery was used to determine the 

ratios of the modular units added to the assembly reaction. Instead of adding 1µL, 1.5-2µL were 

added for some plasmids based on efficiency.  

!

 

 



! B<!

Attempted PCR Confirmation of the pTL-n Vector  

After several attempts to confirm the length of the pTL-n vector by PCR, the product was 

consistently shorter than expected at ~1000bp instead of 2680bp (Figure 6). This product length 

was also observed when amplifying from the original plasmid sent from the Yang lab. With that 

information and the knowledge that the plasmid had worked previously for the Yang Lab, 

several attempts were made at assembling the first 8-mer. However, the colonies grew slowly, 

and never had the expected product in them. After several optimization attempts, it was 

determined that [10µg/mL] was the optimal concentration of tetracycline. However, there were 

still problems assembling the 8-mers even after attempting higher concentrations of plasmids 

with a lower cutting efficiency, a larger-scale reaction, longer digestions, and assembling other 

8-mers (Figure 4).  

 

Sequencing of the pTL-n Vector  

 With the difficulties in assembly and a shorter plasmid than the plasmid map suggests, 

the plasmid was amplified with TALEN_F and TALEN_R primers (Appendix A), cloned into 

the PGEM-T Easy Vector using the PGEM-T Easy kit and protocol, and then sent for sequencing 

by Eton to determine if all of the necessary genes were on the plasmid. Two different pTL-n 

plasmids from transformations and the original pTL-n plasmid from the Yang lab were sent for 

sequencing. The results depicted a deletion event of the non-essential Chloramphenicol 

Resistance Gene, and an inversion event (Figure 7). The CCDB gene was intact and there was 

evidence of tetracycline selection demonstrated through transformations. This inversion event 

should not prevent the ligation. However, when looking at the BSMBI cut sites, there was a 

deletion of an essential guanine (G) (Figure 8) in one of the two necessary BSMBI cut sites 

(Figure 1). However, there is another guanine (G) directly after the deleted guanine (G) in the 

DNA sequence (Figure 8). Therefore, the mutation does not interrupt the enzyme recognition 

site. However, with this deletion event, we suspect that Set 1 (Table 2 in Materials and Methods) 

could not properly ligate to the pTL-n Vector, for with this deletion, BSMBI creates a 3’-CTGC-

5’ overhang instead of the desired 3’-TGCA-5’ overhang (Figure 8).  
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DISCUSSION: 

Due to the deletion of an essential Guanine (G) (Figure 8) surrounding one of the two 

necessary BSMBI cut sites on the pTL-n vector (Figure 1), we were unable to successfully 

assemble both TALENs: TALEN 1 and TALEN 2 (Figure 4). However, we did make great 

strides in trouble shooting the assembly process. Our most useful discovery was the deletion 

event on the pTL-n plasmid. The deletion event creates a different four base pair overhang that 

likely prevents efficient base pairing with the overhand from the first set of plasmids (Table 1 in 

Materials and Methods). Instead of 3’TGCA-5’ ligating to 5’ACGT-3’, there is a 3’CTGC-5’ 

overhang that will not bind the neighboring overhang. Due to these troubles, we were unable to 

knock out TERT in Arabidopsis and C. Rubella. Therefore, the TALENs cannot be integrated 

into the genome of the plant, transcribed into mRNA, and then translated into a protein to bind to 

the target sequence in the TERT gene, where the dimerization of the FOK1 endonuclease would 

cause a double stranded break4. The plant would have then recognized the double stranded break 

and used its natural DNA repair mechanisms, which is typically Non-Homologous End Joining 

for plants, to repair the break4. This would, hopefully, lead to an insertion or deletion that would 

lead to mutagenesis, and hopefully knock out the TERT gene in the plant.   

dTALENs hold potential for making functional comparisons between non-model 

organisms. By harnessing the sequence-specific DNA binding capacity found in naturally 

occurring peptides, dTALENs allow for more flexible gene targeting. This is a useful tool and 

we have begun work on inserting the deleted guanine (G) in the BSMBI cut site by site directed 

mutagenesis. My work represents the first steps in an effort to extend our understanding of 

Arabidopsis telomere biology to non-model plants. This comparative framework will hopefully 

illuminate the function of telomerase in genome stability in one of the major eukaryotic 

kingdoms of life Beyond telomere biology in plants, dTALENs also holds tremendous potential 

for asking questions about nearly any genetic mechanism and may be applied to a wide range of 

organisms.  
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FIGURES: 
 

 

 

Figure 1: pTL-n Vector Map as Provided by the Yang Lab (Appendix B). The plasmid map 

contains a tetracycline resistance gene (yellow) for transformation control, chloramphenicol 

resistance gene (purple), and a CCDB kill gene (green) for ligation control. The light blue 

BSMBI cut sites are the desired cut sites, which release the CCDB kill gene. The dark blue 

BSMBI cut sites are additional cut sites on the plasmid. The forward and reverse primers, 

TALEN_F and TALEN_R (Appendix A) are also notated in the map, 
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Figure 2: General Plasmid Map The general map for all other plasmids depicts the BSMBI cut 

sites to release the DNA sequence that codes for one of the monomers that will recognize a base 

pair in the target sequence. These plasmids have an ampicillin resistance gene (yellow), which is 

a transformation control. 
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Figure 3: Target Sequence A Geneious figure depicting the chosen target sequence on the 

TERT gene for the TALENs on both Arabidopsis thaliana (denoted as At_TERT) and Capsella 

rubella (denoted as Ct_TERT). TALEN 1 will target the sequence shown and TALEN 2 will 

target the reverse compliment of the sequence shown, or the other strand of DNA, in order to 

create a double stranded break in the DNA. These sequences align and are located in the first 

exon to increase the chances of a double stranded break leading to mutagenesis and knocking out 

the TERT gene. Note that the red highlighted letter is an adenine (A), the purple highlighted letter 

is a cytosine (C), the yellow highlighted letter is a guanine (G), and the green highlighted letter is 

a thymine (T).  
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A 
Sequences Chosen:   

                         1st 9-mer (1f)     2nd 8-mer (2f)    3rd 8-mer (3f) 

 

 TALEN 1: 5’- TTCACTAC   CGTAAACT  TCTTCACC-FOK1-3’ 

 

                       1st 8-mer (1r)     2nd 8-mer (2r)    3rd 8-mer (3r) 

 

 TALEN 2: 5’- CCAGAAGC  GGAGGGGT  TTGTTCGT-FOK1-3’ 

B Corresponding Plasmids for Digestion and Ligation 

Sequence 1f 2f 3f 1r 2r 3r 

Plasmids for 

Digestion and 

Ligation 

Head T 

T-2 

C-3 

A-4 

C-5 

T-6 

A-7 

PstR-C 

PstF-C 

G-2 

T-3 

A-4 

A-5 

A-6 

C-7 

BsrR-T 

BsrF-T 

C-2 

T-3 

T-4 

C-5 

A-6 

C-7 

Tail 8 

Head C 

C-2 

A-3 

G-4 

A-5 

A-6 

G-7 

PstR-C 

PstF-G 

G-2 

A-3 

G-4 

G-5 

G-6 

G-7 

BsrR-T 

BsrF-T 

T-2 

G-3 

T-4 

T-5 

C-6 

G-7 

Tail 8 

 

Figure 4: Sequence for TALENs and Corresponding Plasmids for Digestion and Ligation 

(A) This figure depicts the sequences of both TALEN 1 and TALEN 2 for both Capsella rubella 

and Arabidopsis thaliana. These are then broken up into the three 8-mers that will be ligated 

together first, before ligating the entire TALEN together with an FOK1 endonuclease on the end. 

TALEN 2 is the reverse complement of the sequence depicted in Figure 3. Each of the two 

TALENs must bind to a different strand of the DNA in order for the dimerization of the FOK1 

endonuclease to create a double stranded break. (B) This table depicts the corresponding 

plasmids for digestion and ligation for the sequences shown in part A. Each monomer, after the 

DNA sequence is translated into a protein, will then recognize the bolded base in the TERT gene 

of the plants, with the exception of the tail at the end. 
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Figure 5: Southern Blots of the Digestion of Plasmids Necessary for Assembly With the 

exception of the head and tail, these are expected to be around 99-102 base pairs (33-34 amino 

acids), as is shown in the gels. These gels also show that the cut site efficiency of each plasmid is 

different, and, therefore, a greater amount of plasmids G-7, T-3, T-2, and C-5 must be added to 

the digestion in order to increase the likelihood of assembling the final 8-mer due to the 

decreased efficiency of those plasmids. While the bands in these plasmids are faint and difficult 

to see, they are confirmed. 
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Figure 6: PCR of pTL-n Vector  

 
Figure 6: PCR of pTL-n Vector The PCR reaction used the pTL-n vector as the template and 

TALEN_F and TALEN_R as the primers (Appendix A). The length for this reaction is expected 

to be ~2680bp, but is ~1000bp. The original vector obtained from the Yang lab was the same 

length. This plasmid does not match the pTL-n Vector Map (Figure 1). 
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 Figure 7: Inversion and Deletion in pTL-n Vector In both (A) and (B) there is a Tetracycline 

 Resistance Gene (yellow box), Forward (F) primer and Reverse (R) primer (black arrows), and a 

 CCDB Kill Gene (green box). (A) The cartoon demonstrates part of the expected pTL-n 

 sequence from the pTL-n map (Appendix B), including the Chloramphenicol Resistance Gene 

 (purple box). (B) Sequencing results show that the plasmid was not as it seemed, but still 

 functional. Sequencing of the original pTL-n plasmid obtained and subsequent DNA from 

 transformations show that there was a large deletion event depicted in (A) by a red box, and an 

 inversion event depicted in (A) by the orange arrow and in (B) by the upside down text. However, 

 the Chloramphenicol Resistance Gene in (A) is not necessary for a successful transformation and 

 the plasmid still has all of the necessary genes.  
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Figure 8: Deletion Event in BSMBI Cut Site: Sequencing results from both the pTL-n plasmid 

sent from the Yang lab, and transformed pTL-n show that there was a deletion of a guanine (G) 

in the BSMBI cut site. If you look at the BSMBI cut site, with this deletion, there is a 3’-CTGC-

5’ overhang, instead of a 3’-TGCA-5’ overhang. While the guanine (G) next to the deletion site 

will allow for the BSMBI restriction enzyme to cut, the overhang will not base pair with the 

plasmids in set 1 (Table 2 in Materials and Methods). This explains the failed ligation reaction 

attempts.  
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APPENDICES: 

 

Appendix A: Forward and Reverse primers for pTL-n vector: 

TALENs Forward Primer (TALEN_F): 

5’-TGG CCC GTG TCT CAA AAT CTC TG-3’  

Tm = 59.30C 

TALENs Reverse Primer (TALEN_R): 

5’-ATC TTT TCT ACG GGG TCT GAC G-3’  

Tm = 56.40C 
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Appendix B: Expected pTL-n Vector Map from Yang Lab (Sequencing yielded different 
results) 
 
CTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCG
CTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGA
AAGAACATGAATTAATTCTCATGTTTGACAGCTTATCATCGATTAGCTTTAATGCGGTAGTTTATCACAGTTAAATTGCTAACGCA
GTCAGGCACCGTGTATGAAATCTAACAATGCGCTCATCGTCATCCTCGGCACCGTCACCCTGGATGCTGTAGGCATAGGCTTGGTT
ATGCCGGTACTGCCGGGCCTCTTGCGGGATATCGTCCATTCCGACAGCATCGCCAGTCACTATGGCGTGCTGCTAGCGCTATATGC
GTTGATGCAATTTCTATGCGCACCCGTTCTCGGAGCACTGTCCGACCGCTTTGGCCGCCGCCCAGTCCTGCTCGCTTCGCTACTTGG
AGCCACTATCGACTACGCGATCATGGCGACCACACCCGTCCTGTGGATTCTCTACGCCGGACGCATCGTGGCCGGCATCACCGGC
GCCACAGGTGCGGTTGCTGGCGCCTATATCGCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTT
GTTTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTTACATGCACCATTCCTTGCGGCGGC
GGTGCTCAACGGCCTCAACCTACTACTGGGCTGCTTCCTAATGCAGGAGTCGCATAAGGGAGAGCGCCGACCCATGCCCTTGAGA
GCCTTCAACCCAGTCAGCTCCTTCCGGTGGGCGCGGGGCATGACTATCGTCGCCGCACTTATGACTGTCTTCTTTATCATGCAACT
CGTAGGACAGGTGCCGGCAGCGCTCTGGGTCATTTTCGGCGAGGACCGCTTTCGCTGGAGCGCGACGATGATCGGCCTGTCGCTT
GCGGTATTCGGAATCTTGCACGCCCTCGCTCAAGCCTTCGTCACTGGTCCCGCCACCAAACGTTTCGGCGAGAAGCAGGCCATTAT
CGCCGGCATGGCGGCCGACGCGCTGGGCTACGTCTTGCTGGCGTTCGCGACGCGAGGCTGGATGGCCTTCCCCATTATGATTCTTC
TCGCTTCCGGCGGCATCGGGATGCCCGCGTTGCAGGCCATGCTGTCCAGGCAGGTAGATGACGACCATCAGGGACAGCTTCAAGG
ATCGCTCGCGGCTCTTACCAGCCTAACTTCGATCATTGGACCGCTGATCGTCACGGCGATTTATGCCGCCTCGGCGAGCACATGGA
ACGGGTTGGCATGGATTGTAGGCGCCGCCCTATACCTTGTCTGCCTCCCCGCGTTGCGTCGCGGTGCATGGAGCCGGGCCACCTCG
ACCTGAATGGAAGCCGGCGGCACCTCGCTAACGGATTCACCACTCCAAGAATTGGAGCCAATCAATTCTTGCGGAGAACTGTGAA
TGCGCAAACCAACCCTTGATCGGGGAAGAACAGTATGTCGAGCTATTTTTTGACTTACTGGGGATCAAGCCTGATTGGGAGAAAA
TAAAATATCCCCTATAGTGAGTCGTATTACATGGTCATAGCTGTTTCCTGGCAGCTCTGGCCCGTGTCTCAAAATCTCTGATGTTAC
ATTGCACAAGATAAAAATATATCATCATGCCTCCTCTAGAGGTCTCAGGACTGCAGGAGACGACTAGTACGACTCACTATAGGGG
ATATCAGCTGGATGGCAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTCTTAT
AATGCCAACTTTGTACAAGAAAGCTGAACGAGAAACGTAAAATGATATAAATATCAATATATTAAATTAGATTTTGCATAAAAAA
CAGACTACATAATACTGTAAAACACAACATATCCAGTCACTATGAATCAACTACTTAGATGGTATTAGTGACCTGTAGTCGACTA
AGTTGGCAGCATCACCCGACGCACTTTGCGCCGAATAAATACCTGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGT
CCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCAT
AATGAAATAAGATCACTACCGGGCGTATTTTTTGAGTTATCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCA
CTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAAC
CAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCT
TGCCCGCCTGATGAATGCTCATCCGGAATTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTT
ACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATAT
TCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCC
CTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATA
CGCAAGGCGACAAGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTCTGTGATGGCTTCCATGTCGGCAGAATGCTTAAT
GAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAAACGCCGCGTGGATCCGGCTTACTAAAAGCCAGATAACAGTAT
GCGTATTTGCGCGCTGATTTTTGCGGTATAAGAATATATACTGATATGTATACCCGAAGTATGTCAAAAAGAGGTATGCTATGAAG
CAGCGTATTACAGTGACAGTTGACAGCGACAGCTATCAGTTGCTCAAGGCATATATGATGTCAATATCTCCGGTCTGGTAAGCAC
AACCATGCAGAATGAAGCCCGTCGTCTGCGTGCCGAACGCTGGAAAGCGGAAAATCAGGAAGGGATGGCTGAGGTCGCCCGGTT
TATTGAAATGAACGGCTCTTTTGCTGACGAGAACAGGGGCTGGTGAAATGCAGTTTAAGGTTTACACCTATAAAAGAGAGAGCCG
TTATCGTCTGTTTGTGGATGTACAGAGTGATATTATTGACACGCCCGGGCGACGGATGGTGATCCCCCTGGCCAGTGCACGTCTGC
TGTCAGATAAAGTCTCCCGTGAACTTTACCCGGTGGTGCATATCGGGGATGAAAGCTGGCGCATGATGACCACCGATATGGCCAG
TGTGCCGGTCTCCGTTATCGGGGAAGAAGTGGCTGATCTCAGCCACCGCGAAAATGACATCAAAAACGCCATTAACCTGATGTTC
TGGGGAATATAAATGTCAGGCTCCCTTATACACAGCCAGTCTGCAGGTCGATACAGTAGAAATTACAGAAACTTTATCACGTTTA
GTAAGTATAGAGGCTGAAAATCCAGATGAAGCCGAACGACTTGTAAGAGAAAAGTATAAGAGTTGTGAAATTGTTCTTGATGCA
GATGATTTTCAGGACTATGACACTAGCGTATATGAATAGGTAGATGTTTTTATTTTGTCACACAAAAAAGAGGCTCGCACCTCTTT
TTCTTATTTCTTTTTATGATTTAATACGGCATTGAGGACAATAGCGAGTAGGCTGGATACGACGATTCCGTTTGAGAAGAACATTT
GGAAGGCTGTCGGTCGACTAAGTTGGCAGCATCACCCGAAGAACATTTGGAAGGCTGTCGGTCGACTACAGGTCACTAATACCAT
CTAAGTAGTTGATTCATAGTGACTGGATATGTTGTGTTTTACAGTATTATGTAGTCTGTTTTTTATGCAAAATCTAATTTAATATAT
TGATATTTATATCATTTTACGTTTCTCGTTCAGCTTTTTTGTACAAAGTTGGCATTATAAAAAAGCATTGCTCATCAATGTGTTGCA
ACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTGGGGCCCGAGCTTAAGACTGGCCGTCGTTTTACAAAGATCCCGTCTC
GCAGAGGGAGACCCTCGAGCCACCCATGACCAAAATCCCTTAACGTGAGTTACGCGTCGTTCCACTGAGCGTCAGACCCCGTAGA
AAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGG
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTA
GTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGC
TGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGG
GGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACG
CTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGG
AAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGA
GCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTAT
CCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTC
AGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGA
CAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATACGCGTACCGCTAGCCAGGAAGAGTTTGTAGAAACGCA
AAAAGGCCATCCGTCAGGATGGCCTTCTGCTTAGTTTGATGCCTGGCAGTTTATGGCGGGCGTCCTGCCCGCCACCCTCCGGGCCG
TTGCTTCACAACGTTCAAATCCGCTCCCGGCGGATTTGTCCTACTCAGGAGAGCGTTCACCGACAAACAACAGATAAAACGAAAG
GCCCAGTCTTCCGACTGAGCCTTTCGTTTTATTTGATGCCTGGCAGTTCCCTACTCTCGCGTT 


