
 

ABSTRACT 

ZHOU, RONGRONG. Recombineering-based Gene Tagging in Arabidopsis. (Under the 
direction of Jose Alonso). 
 

One of the main challenges of the post-genome era is deciphering the function of the over 

30,000 genes encoded by the Arabidopsis genome. Translational fusions between the 

genes of interest (in their complete genomic context) and tags such as GFP provide the 

most reliable and detailed information of in vivo gene expression, a key step for 

understanding gene function. Classical molecular genetic approaches involving in vitro 

manipulation of large genomic DNA fragments are extremely labor-intense and 

unsuitable for whole-genome scale projects. Therefore, it would be highly desirable to 

develop alternative high-throughput methods to generate new tools that would enable the 

plant community to easily obtain accurate information of in vivo gene expression and 

protein localization for any given Arabidopsis gene. 

Recent advances in E. coli-based homologous recombination systems (recombineering) 

allow for the rapid and precise modification of artificial chromosomes (BACs) without 

the need for restriction enzymes and classical cloning techniques. In Arabidopsis, where 

homologous recombination is highly inefficient, gene modifications in their chromosomal 

context can be achieved by recombineering of transformation-ready BAC clones (TACs). 

Using this system, tags can be precisely fused to the gene of choice in any given position, 

and subsequently reintroduced into the Arabidopsis genome by Agrobacterium-mediated 

transformation.  

In this study, we proposed a pipeline suitable for recombineering-based gene tagging in 

Arabidopsis: 1) transformation of target gene containing TACs from JAtY clone to 

recombineering strain SW102, 2) two-steps recombination with galK positive/negative 



 

selection, 3) transformation of engineered TACs into Agrobacterium and 4) transforming 

Arabidopsis plants to examine expression pattern of a gene and the corresponding protein 

subcellular localization. 41 genes were selected to evaluate the efficiency and fidelity of 

each step in the pipeline as well as some of the factors that may affects such parameters. 

Our results indicate that tags can be efficiently and precisely inserted to a desired location 

in the gene of interests (GOI) and the modified TAC can be easily transformed into plant. 

Although deletions of these large T-DNAs are not uncommon during their integration in 

the plant genome, it is relatively easy to identify transgenic plants carrying a complete 

copy of the T-DNA. The practical utility of the system has been experimentally 

demonstrated and the expression pattern and protein localization of several genes 

examined. Importantly, this system was successfully used to make all the sequence 

modifications required to observe low-expressed and short-live proteins such as those 

belonging to the Arabidopsis Aux/IAA gene family. Tagged Aux/IAA proteins were 

proved to be nuclear-localized and trangenes were shown to display similar response to 

auxin treatment as endogenous genes. Finally, this procedure was optimized by: 1) 

eliminating the need for the low efficient second recombination step (replacement of the 

selectable marker by the fluorescent protein) using instead a much more efficient 

flipase-dependent step, 2) by removing bottle necks such as the preparation of competent 

cells for each individual clone using instead a pooling strategy, and 3) by developing a 

web tool to facilitate oligo design and clone selection. These optimizations were critical 

to quickly generate the constructs for 24 Aux/IAAs and setting the bases for a future 

whole genome tagging strategy. 

Our results have demonstrated that the recombineering-based system can be adopted as a 

robust, efficient and reliable strategy for the generation of whole-gene reporter fusion 



 

constructs. This work has built a solid foundation for development of 96-well format 

recombineering pipeline to generate genome-wide gene-tag collection and provide 

detailed map of the Arabidopsis localizome.  
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INTRODUCTION 

Recombineering-based Gene Tagging in Arabidopsis: a New Tool for Functional 

Genomics 

With the rapid progress of next generation DNA sequencing technology, there is no doubt 

that even the ‘thousand-dollar genome’ could be achieved in the near future (Mardis, 

2006). However, information regarding the functions of thousands of genes identified 

lags far behind the genome sequence with low throughput and quality. In the post-genome 

era, plant biologists have to face two major challenges: to identify all of the genes 

encoded by the sequenced genome and to decipher their functions (Figure 1). Upon the 

availability of genome sequence and powerful bioinformatics tools, localization of the 

genes in the genome and their basic structural elements (introns, exons and putative 

regulatory sequences) can be predicted (Arabidopsis Genome Initiative, 2000). However, 

further experimental refinement and validation of these predictions is necessary since 

gene-finding algorithms are imperfect (Yamada et. al. 2003; Haas et. al., 2005). Clearly, 

reliable and standardized methods are required to explore gene function at genome scale. 

Up to date, large-scale phenotype analysis including generation of loss-of-function 

(Parinov et. al., 2000; Ostergaard et. al.,2004) or gain-of-function mutants (Weigel et. al., 

2000; Ichikawa et. al., 2006) has been used for functional research into plant genomes. 

However, detectable phenotypes could not be generated for many proteins in 

loss-of-function studies due to genetic redundancy and phenotypes of gain-of-function 

mutants obtained from ectopic over-expression may reflect patterns more than the real 

gene function. A parallel approach to complement phenotypic data and generate 

functional information for thousands of previously uncharacterized genes is in vivo study 

of gene expression at cellular and sub-cellular resolution. For example, having 
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information about the temporal and spatial expression of the genes that comprise a gene 

family could be used to guide the selection of double or triple mutants to be constructed 

and examined in functional studies. Moreover, the study of the spatial-temporal dynamics 

of a gene expression, and the corresponding protein localization are highly informative 

approaches crucial for the in-depth functional characterization of a gene. The systematic 

analysis of protein localization and on a proteome scale could assign putative functions 

for proteins without obvious phenotype in loss-of-function screens. In summary, high 

resolution spatial and temporal gene expression information will have a tremendous 

impact on: 

1) Supporting the existence of bioinformatically predicted genes; 

2) Discovering phenotypes in mutants of unknown functions by focusing the phenotypic 

search on the specific cells or developmental times where/when the gene is expressed; 

3) Understanding the role of functionally redundant genes. More than two thirds of the 

Arabidopsis genes belong to multigenic families, limiting the power of the gene 

functional analysis in single mutants. Generation of double, triple, and higher-order 

mutant combinations is required in many cases. Detailed gene expression information will 

provide essential criteria for deciding which mutations in the family members should be 

combined; 

4) Enhancing the analysis of gene function in cases where expression patterns and 

subcellular localization provide essential information to understand the function of a 

gene.   

Therefore, it would be highly desirable to develop tools that will enable the plant 

community to easily obtain spatial-temporal expression data for any gene of interest. As 

indicated above, these tools will be valuable for finding conclusive evidences for the 
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existence of predicted genes, and, in the case of mutant analyses, identifying specific cell 

types and/or developmental stages where the mutant phenotype may be observable.  

 

Figure 1. Systematic functional analysis: from genome to function. Extensive 
sequencing of large EST and full-length cDNA libraries (Seki et. al., 2002; Yamada 
et.al. 2003; Haas et. al., 2005), together with other genome-wide approaches such as 
RNA-seq, serial analysis of gene expression (SAGE; Fizames et. al., 2004; Robinson et. 
al., 2004) and genome expression arrays (Yamada et. al. 2003; Schwab et. al., 2005), 
have all been extremely useful in the gene discovery process, whereas phenotypic 
analysis of knockout mutants including gene-indexed knock out (KO) collection 
(Alonso et. al., 2003) and targeting induced local lesions in genomes (Tilling; Till et. 
al., 2003; Till et.al., 2006; Comai et. al., 2006), has proven to be tremendously powerful 
in gene functional analysis. In spite of the success of these strategies used to determine 
a gene’s function, there are still a large number of predicted genes in the Arabidopsis 
genome without experimentally validated function. One of the main reasons for the lack 
of experimental support for predicted genes and for absence of functional information 
is the very limited temporal and spatial gene expression data. A variety of different 
experimental strategies can be used to determine the expression pattern of a gene 
(gene-traps, promoter or transcriptional fusions) or the subcellular localization of the 
corresponding gene products (cDNA fusions, translational fusions). 
 
Although antibody-based approaches are widely used to establish protein localization, 
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raising and testing antibodies specific for large sets of proteins could be extremely 

laborious and expensive. In contrast, protein tagging with fluorescent or affinity tags such 

as Green Fluorescent Protein (GFP, Chalfie et. al., 1994) and expressed under the control 

of proper regulatory elements can provide reliable and reproducible information and are 

much more suitable for genome-scale application (Figure 2). In addition to GFP, other 

tags can also be utilized to generate translations fusion. For example, protein fusions with 

β-glucuronidase (GUS; Jefferson et. al., 1987), although less suitable than GFP for 

studies at the sub-cellular level, have the advantage of their relative ease, high sensitivity, 

and wider accessibility of the detection methods (Taylor, 1997). Combinations of short 

tandemly fused epitopes (TAP-tags; Rigaut et. al., 1999) can be employed to rapidly 

purify tagged proteins under conditions that preserve in vivo protein-protein or 

protein-nucleic acid interactions. By combining these purification approaches with highly 

sensitive analytical methods such as MS-MS (Yates et. al., 2004) or microarray 

technologies (Brown et. al., 1999), large numbers of protein-protein as well as 

protein-nucleic acid interactions have been identified. Furthermore, “localization and 

affinity purification” (LAP) tag can be used for both localization and affinity purification 

therefore greatly facilitating the characterization of protein function in cellular and 

developmental contexts (Cheeseman et. al., 2005).  

Up to date, yeast has the most detailed localizome map (Kumar et. al., 2002; Huh et. al., 

2003) since relatively small and simple constructs can contain entire yeast genes and are 

easily engineered with classical techniques dependent on the availability of appropriate 

restriction sites and the size of the fragments to be integrated. However, it is difficult to 

implement these copy-and-paste techniques in more complex genomes that have more 

sophisticated gene structure and regulatory elements. In general, multiple cloning steps 
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are necessary to generate complicated constructs. 

A  

B  

Figure 2. Translational fusions in plant: reliable informers of gene expression and 
sub-cellular localization. Translational fusions are in-frame gene fusions between tags 
(such as GFP) and gene of interest. Tags can be inserted at any point in the open reading 
frame as long as protein function or topology is not disrupted. (A) Translational fusions 
can be used to examine both the expression pattern (cellular level) and subcellular 
protein localization. (B) The basic experimental approach of translational fusions in 
plant includes; in-frame clone of the tags and the gene of interest with all its regulatory 
sequences into a binary vector (cloning vectors replicate in both E. coli and 
Agrobacterium) and subsequent transformation into plant genome. 
 
Currently, cDNA-based transgenes are commonly used for protein tagging and 

subsequent subcellular localization study in higher organisms. Random cDNA fragments 

fused to the 3' end of the GFP gene have been transformed “en masse” into Arabidopsis 

to localize plant gene products, discover subcellular structures and observe dynamic 

processes in plant cells (Cutler et. al., 2000). Although many useful subcellular markers 

were obtained, a high proportion of out-of-frame fusions to gfp were found and stable 

transformation used in that study is labor intensive and time consuming. Alternatively, 

Using the TMV-based vector 30B.GFPc3, libraries of random cDNAs fused to both the 5' 
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and 3' ends of gfp were transiently expressed on inoculated leaves and screened for 

high-throughput localization studies (Escobar et. al., 2003). The viral system results in 

high-level expression of the fusion proteins and allows several hundred cDNA-gfp fusions 

to be screened daily. However, the result is compromised since high-level gene 

expression could also affect the native proteins subcellular localization. These 

cDNA-based methods are very useful for examining subcellular localization of the 

proteins, but not to determine the expression pattern of a gene. Also, transcriptional and 

post-transcriptional regulation can not be obtained using these approaches since 

ubiquitous or tissue-specific promoters are used to drive the expression of tagged genes 

and endogenous regulatory sequences such as introns or untranslated regions (UTRs) are 

typically missing. Moreover, comprehensive cDNA libraries are not available for most 

model organisms since sequence-verified, full-length cDNAs, especially large or rare 

transcripts are expensive and time consuming to generate.  

Thus, accurate information on gene expression and subcellular protein localization can 

best be obtained by using genomic DNA clones which comprise entire coding and 

regulatory regions of the gene of interest, as well as all splice variants. Commonly used 

techniques of translational fusion with genomic DNA clones fall into two categories 

(Figure 3): classical molecular cloning and PCR-based methods (Tian et. al., 2004). 

Classical molecular genetic approaches are extremely labor-intense and involve digestion 

with restriction enzymes and in vitro manipulation of these large genomic DNA 

fragments. On the other hand, alternative PCR-based strategies are limited by the size of 

the genomic fragments that can be efficiently amplified and by the need of extensive 

re-sequencing of the obtained chimeras. In both cases, some regulatory elements may be 

inadvertently excluded which will effect the expression of the gene. These methods are 
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also difficult to scale up since different conditions and protocols are required for 

processing different genes. Hence, there is still the need for developing high-throughput 

methods to easily obtain accurate and reliable information of in vivo gene expression and 

protein localization for any given Arabidopsis gene. 

 
λ Red-mediated homologous recombination 

As we saw above, typical methods used to manipulate DNA fragments in vitro involve 

several steps of cutting and ligating DNA which unnecessary modifications and mutations 

can happen. In contrast, in vivo strategies based on recombination are more efficient and 

greatly reduce the number of steps involved in manipulation of large DNA molecules.  

 

Figure 3. Typical methods used to generate whole-gene translational fusions. A：The 
Classical molecular genetic approach  involves digestion with restriction enzymes, 
purification the DNA fragment from gel and then clone this DNA in-frame with the 
reporter gene. B: The alternative way, which could avoid to some extent the problems 
associated with the classical cloning, is the GATEWAY system. The idea is to PCR 
amplify the gene and the reporter separately and then use multiple-template PCR to fuse 
together the gene of interest and the desired reporter. These PCR-based strategies are 
limited by the size of the genomic fragments that can be efficiently amplified, and by the 
need of extensive re-sequencing of the obtained cassettes. 
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One of the first in vivo cloning strategies added to the molecular biology tool box takes 

advantage of the extremely efficient DNA double-strand break and repair pathway in 

yeast Saccharomyces cerevisiae (Szostak et. al., 1983). Transformed linear DNA or short 

synthetic oligonucleotides can recombine with homologous DNA sequences in the yeast 

chromosome through very short (<50-bp) regions of DNA identity, thereby generating 

recombinant DNA in vivo without using restriction endonuclease and DNA ligase 

(Yamamoto et. al., 1992; Baudin et. al., 1993; Lafontaine et. al., 1996). However, 

homologous recombination in most organisms is such a rare event that a complex set of 

reactions and extensive homology is required. 

Nevertheless, large fragments of genomic DNA can be cloned into yeast artificial 

chromosomes (YACs) thus recombinant DNA of other organisms can be generated 

through recombination in yeast and subsequent manipulation of recombinant DNA 

molecules. Yet, there are inherent limitations in using YACs: 1) The recombination 

activities in yeast are always active and are not controllable for genetic engineering; 2) 

Isolation of intact yeast artificial chromosomes (YACs) is tedious and difficult; 3) High 

degree of chimerism and colonial instability (40-50%) has been reported during 

transformation and propagation of YACs (Kouprina et. al., 1994; Peterson et. al., 1998).  

As an alternative to YACs, Bacterial Artificial Chromosomes (BACs) are much easier to 

isolate and manipulate due to their smaller size, and therefore, higher transformation 

efficiency. Since BACs have been widely used for gemomic sequencing, transforming 

and cloning in bacteria (Shizuya et. al., 1992; Zhao, 2001), more BAC libraries are 

presently available from different species of animals, plants and microbes. Importantly, 

BACs have higher stability (Shizuya et. al. 1992; Ioannou et. al. 1994) and show a much 
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smaller percentage of rearrangements even after many generations of growth (Marra et. al. 

1997; Kelley et. al. 1999).  

For these reasons, a regulated homologous recombination system in E. coli that mimics 

the yeast double-strand break repair mechanism would be an invaluable tool. Recent 

advances in E. coli-based homologous recombination systems allow for the rapid and 

precise modification of BACs without the need for restriction enzymes and classical 

cloning techniques. Recombineering (recombination-mediated genetic engineering) is a 

powerful method based on homologous recombination systems to modify DNA 

sequences in E.coli or other bacteria (Ellis et. al., 2001). Thus far, strategies to achieve 

highly efficient chromosome engineering via recombination in E.coli with electroporated 

DNA fall into two main categories, RecA-dependent (Yang et. al., 1997; Imam et.al., 

2000; Lalioti et. al., 2001; Misulovin et. al., 2001; Gong et. al.; 2002, 2003) and Red/ET 

homologous recombination systems (Zhang et. al., 1998, 2000; Muyrers et. al., 1999, 

2000; Yu et. al., 2000; Datsenko et. al.; 2000; Zhang et. al., 2002).  

It has been shown that the RecA protein plays a central role in the recombination pathway 

of E.coli (Roca et. al., 1990). Since BACs are commonly maintained in a recA- genetic 

background to prevent genomic rearrangement of cloned DNAs, RecA-dependent 

engineering typically requires prior construction of a targeting vector containing a 

conditional replication origin, homology sequences, the RecA gene and a selectable 

marker (Wang et. al., 2006). As an example of the RecA system, a temperature-sensitive 

shuttle vector expressing recA protein (pSV1.recA) was used to manipulate the sequence 

of a BAC clone (Yang et. al., 1997). An important characteristic of the RecA-dependent 

engineering is that it requires long homology regions (typically larger than 500 bp).   

In comparison, phage-mediated recombination systems can generate recombinant 
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molecules using short sequence of homology (50 bp or even less). It has been shown that 

RecE and RecT genes (encoded by part of the cryptic RAC PROPHAGE) enable genomic 

DNA to be modified directly with a PCR-generated linear dsDNA targeting cassette 

(Zhang et. al., 1998). Since linear DNA is rapidly degraded by the bacterial RecBCD 

nuclease (Benzinger et. al., 1975), linear dsDNA mediated recombination was limited to 

recBC- strains that lack this nuclease activity. However, recBC- strains grow pooly and the 

efficiency of recombination is therefore compromised. To solve this problem, the ET 

system (pBAD-ETγ plasmid) was developed to allow homologous recombination in 

recBCD+ strains (Zhang et. al., 1998). pBAD-ETγ contains arabinose-inducible RecE 

gene to provide high recombination activity, constitutively expressed RecT gene and 

bacteriophage-λ gam gene to inhibit RecBCD. The main disadvantages of the system are 

that constitutive gam expression can be toxic to E.coli and leaky expression of RecE/T 

from plasmid can cause unnecessary expression of recombination functions.  

Functionally analogous to the RecET system is λ-Red homologous recombination system 

that includes the Gam, Exo, and Beta proteins required for linear dsDNA- mediated 

recombination. The current model is that Gam inhibits host RecBCD activities, thus 

protecting electroporated linear dsDNA from degradation so that Exo and Beta can gain 

access to DNA ends to promote recombination. Exo is a dsDNA-dependent exonuclease, 

degrading from each end in 5’-3’ direction and generating overhangs with 3’ 

single-stranded DNA tails serving as substrates for recombination. Beta, a ssDNA 

binding protein binds 3’ overhangs to protect them, promote annealing of complementary 

single strands and stimulate the strand exchange.  

λ Red genes can be expressed in E.coli in different manners. The first way is with 
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plasmid systems containing inducible promoters (Zhang et.al., 1998; Muyrers et.al. 1999). 

Construction of a series of Red expression plasmids was also reported to retain tight 

regulation of λ proteins but with a wider host range (Datta et. al., 2006). In addition, 

pSC101-BAD-gbaA system (expression of λ  Red gene regulated by L-arabinose-induced 

promoter pBAD) incorporated with both λ-Red and RecA has been shown to help E.coli 

host to survive DNA transformation and enhance the total number of successful 

recombinatants (Wang et. al., 2006). The disadvantage of the plasmid-based system is the 

need of plasmid introduction and elimination.  

The alternative way is a prophage-based system utilizing E.coli strains with a defective λ 

prophage inserted into the bacterial genome (Yu et. al., 2000). To make recombination 

system suitable for the manipulation of BACs, E. coli strain DY380 was generated by the 

introduction of the λ prophage into the typical BAC host strain, DH10B to provide 

transiently inducible recombination (Yu et. al., 2000; Lee et. al., 2001). In this strain, the 

recombination genes exo, beta, and gam are transcribed from the λPL promoter under the 

control of a temperature-sensitive λ cI857 repressor. Expression of recombination 

proteins is repressed at 32°C. However, after a brief (15 minute) heat-shock at 42°C, 

these genes are switched on by inactivation of the repressor and a sufficient amount of 

recombination proteins can be produced. Also, new recombineering strains (SW102, 

SW105 and SW106) were constructed from DY380 to allow modification of BACs using 

galK positive/negative selection (Warming et. al., 2005). These strains contain a fully 

functional gal operon except the galK gene is missing. Insertion of a galK expression 

cassette into a BAC can restore the ability of these strains to grow on galactose minimal 

medium, and by selection against galK using 2-deoxy-galactose, the galK cassette can be 
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replaced by any dsDNA carrying a desired mutation. SW105 and SW106 in addition 

contain L- arabinose -inducible Flippase (Flp) and Cre Recombinase (Cre) genes 

respectively. 

The λ  red-based recombination system has been used as a genetic tool to modify BACs 

with linear double-stranded DNA (dsDNA). It has been shown that by using optimal 

conditions, 0.1% of surviving cells from a standard electroporation can have 

recombinants (Yu et. al., 2000). Homologous recombination increases 104 fold from 20 

bp to 40 bp of homology and 10 fold from 40 bp to l kb of homology.  

It has also been shown that recombination can take place by using synthetic 

single-stranded oligonucleotides (SSO) as short as 30 bases long (Ellis et. al., 2001). A 

70-base single-stranded oligonucleotide was used to correct the amber mutation 

galKtyr145am. In this case very high recombination efficiencies were observed, ~ 2×105 

Gal+ recombinants were obtained per 108 viable cells when using 10 ng of oligo. In 

comparison, 60-, 50-, and 40-based oligos recombined less efficiently and a significant 

drop in efficiency was found from 40 to 30 bases (Ellis et. al., 2001). When synthetic 

single-stranded oligonucleotides were used to delete nadA::Tn10 insertion at galK, up to 

6% of recombinants could be found among the treated cells (Ellis et. al., 2001). λ-Red 

based ssDNA recombination has also been used to create mutations within the murine 

Brca2 gene contained on a BAC and a frequency of one recombinant per 90-260 

electroporated cells was observed (Swaminathan et. al., 2001). All these examples show 

λ-Red mediated ssDNA recombination is highly efficient and recombinants can be 

identified by specific PCR amplification of the mutated BAC from cultures of pooled 

bacterial cells even in the absence of any selectable marker, thus providing a rapid and 

highly efficient approach for BAC modification.    
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λ Beta is required for SSO-mediated recombination activity by promoting homologous 

recombination between the chromosome and a synthetic ssDNA donor (Ellis et. al., 2001; 

Yu et. al., 2003). The current model suggests Beta binds ssDNA donor and then triggers 

SSO to anneal to a transient single-stranded region of DNA (near the DNA replication 

fork) thus incorporating SSO into the chromosome to generate the recombinant (Ellis et. 

al., 2001; Li et. al., 2003). It has been demonstrated that oligos corresponding to either of 

the two complementary DNA strands can be used for recombinants. However, oligos 

corresponding to the lagging DNA strand recombines with higher efficiency than that 

targeting to the leading stand (Costantino et. al., 2003).  Also, when ssDNA oligos are 

used to introduce a change near a DNA replication fork, methyl-directed mismatch repair 

(MMR) has been shown to be triggered therefore affecting ssDNA-mediated 

recombination by eliminating the recombinant allele and restoring the original sequence 

(Junop et. al., 2003; Matic et. al., 1996).  It has been discovered that MMR can reduce 

recombination efficiency by >100-fold, however, the efficiency of MMR is determined 

by the mismatch encoded by the SSO with a pattern for the eight mismatch pairs G-T, 

A-C, A-A, G-G>T-T, T-C, A-G>C-C (Costantino et. al., 2003). Since C-C mismatch is a 

fairly weakly bound, and poorly corrected by MMR, it has been shown that oligos 

creating C-C mispairs can be efficiently recombined with 25% recombinants among the 

electroporation survivors (Costantino et. al., 2003).  

These λ-Red-mediated recombination systems can be easily applied to replace a gene 

(Figure 4), disrupt any functional gene in BACs by introduction of a selectable marker 

(drug resistance gene or a prototrophic marker) and introduce point mutations or deletions. 

A nonselectable DNA fragment (a reporter gene, such as GFP or a TAP-Tag) can also be 

efficiently inserted into a genomic region typically using a two-step methods (Zhang et. 
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al., 1998; Muyrers et. al., 1999). The first step involves introducing a positive selection 

marker together with a counter-selectable marker at the desired point in the BAC. In the 

second step, a DNA fragment containing the desired mutation is targeted to the same 

region and recombinants are selected based on loss of the counter-selectable marker. 

Several selectable/counter-selectable strategies have been developed. One of the first 

strategies is the sacB-neo fusion gene that uses neo resistance as positive selection and 

sacB, which is lethal to cells in the presence of sucrose, as negative selection (Zhang et. 

al., 1998). Alternative methods use rpsL gene (Imam et. al., 2000) or a rare restriction 

enzyme such as I-SceI (Jamsai et. al., 2003) as counter-selection. The major drawback of 

all these methods is that spontaneous point mutations or deletions in the counter-selection 

component of the system can occur without affecting the growth of bacteria under 

positive selection, but significantly increase the background under negative selection. In 

2005, a novel and highly efficient galK-based positive/negative selection system was 

reported for the manipulation of BACs (Warming et.al, 2005). Galactokinase, the product 

of galK gene catalyzes the phosphorylation of galactose to galactose-1-phosphate, but can 

also efficiently phosphorylate a galactose analog, 2-deoxy-galactose to 

2-deoxy-galactose-1-phosphate which is toxic to the bacterial and cannot be further 

metabolized (Alper et. al., 1975). Compared with relatively large sacB-neo cassette (3 kb), 

the small size of the galK selection cassette (1231 bp) makes PCR amplification and 

subsequent transformation of PCR fragments into bacteria easier. Most importantly, since 

galK is used for both selection and contra-selection, mutations generated during either 

PCR amplification or the first recombination will be selected against during positive 

selection. Thus, this galK system achieves significant reduction of the background during 

negative selection. Overall, the efficiency of galK-based positive/negative selection 
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system is so high that little screening is required (Warming et.al, 2005). The problems of 

this methodology include long incubation time for selection on minimal growth media, 

relative expensive 2-deoxy-galactose and specialized wash protocols. Recently, tolC has 

also been reported as a selectable/counter-selectable marker for the facile modification of 

DNA in E.coli (Devito, 2007). Selection of tolC insertions/deletions is based on toxicity 

of the small molecule colicin E1 to bacteria expressing TolC (an outer membrane protein). 

Compared with galK selection scheme, it is faster (selection on LB medium) and more 

cost-effective (no need for 2-deoxy-galactose). 

 

 
Figure 4. Strategy for gene replacement by homologous recombination. (A) 
chemically synthesized oligonucleotides including 5′ 50 nt homologous to sequences 
franking the target gene and the 3′ 20 nt identical to the ends of the selectable cassette 
to be amplified. (B) A recombineering cassette flanked by 50-bp homologies present 
at the target is generated by PCR. Exo, Beta, and Gam expression is induced in cells 
carrying the target DNA. Electrocompetent cells are prepared and then mixed with the 
amplified cassette. After electroporation, recombination occurs between the 
homologous sequences on the linear cassette and the target sequences, resulting in the 
integration of the recombineering cassette and the removal of target sequences. 



 16

Recombineering-based gene tagging 

For a translational fusion to truly reflect the expression/localization of the gene/protein of 

interest, there are several prerequisites that need to be fulfilled:  

1) The chimeric gene should include all of the regulatory sequences;  

2) The protein should be localized in the proper sub-cellular compartment.  

3) The added tag should not alter the three-dimensional structure of the tagged 

protein; 

It is difficult to achieve these requirements due to lack of reliable computational tools. 

However, homologous recombination systems make it possible to keep the tagged-genes 

in a chromosomal context and maintain all known gene regulatory and protein 

localization signals required for proper expression/localization. This can be achieved by 

modifying the BACs containing large genomic regions flanking the gene of interest. In 

addition, unwanted conformational changes in the chimera can be reduced by using 

flexible poly-alanine and poly-glycine arms to isolate tags such as GFP from the tagged 

protein. 

In recent years, a comprehensive picture of the core proteome in Saccharomyces 

cerevisiae has been accomplished by genome-wide studies of protein localization (Gavin 

et. al., 2002). The large-scale application of GFP localization is possible because of 

efficient intrinsic homologous recombination in yeast. Modifications of genes in their 

native chromosomal position with electroporated PCR products containing only 40 bp of 

homology can be achieved through homologous recombination, and tag-coding sequences 

can be introduced at any particular location of a gene in the genome. Since regulatory 

elements are effectively preserved in the TAC clones, modified genes can be expressed at 

near-physiological levels and proper protein complexes can be formed in vivo.  
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However, the efficiency of homologous recombination in many model organisms is 

several orders of magnitude lower. Hence, transgenes based on large genomic clones such 

as BACs have been generated by recombineering in bacteria and then used for protein 

localization studies in worm, flies, zebrafish, mice and human tissue-culture cells. 

Mapped BAC libraries are typically generated as part of genome sequencing projects 

(Mozo et. al. 1999; Hoskins et. al. 2000; Osoegawa et. al. 2000; McPherson et. al. 2001). 

Clones in these libraries harbor large DNA inserts containing complete transcription units 

together with extensive surrounding DNA likely to contain all their regulatory sequences. 

High-fidelity λ phage-mediated in vivo recombineering strategy in E.coli has enabled 

rapid and precise modification of these large constructs. One of the key advantages of 

recombineering is DNA context independence since efficient homologous recombination 

can be carried out between short, terminal homology regions on a PCR product and 

sequences on a BAC. Furthermore, a single BAC is likely to contain all the regulatory 

sequences required for proper temporal and spatial expression of a gene contained in that 

BAC, so that transgenes can be expressed at normal levels and specific 

cellular/subcellular localization.  Recent advances of DNA recombineering have further 

demonstrated that multiple DNA engineering steps in E.coli can be carried out in liquid 

culture without sacrificing efficiency and fidelity, therefore a door for high-throughput 

application of recombineering has been opened up.  

In Arabidopsis, where homologous recombination is highly inefficient, the gene 

modifications in a chromosomal context can be achieved by recombineering of 

transformation-ready BAC clones (TACs) (Figure 5). Using this system, tags can be fused 

to the gene of choice and subsequently reintroduced into the Arabidopsis genome by 
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Agrobacterium-mediated transformation. This method has many important advantages 

over classical cloning and PCR-based methods:   

1) All known regulatory sequences are retained; 

2) Very few undesired mutation are introduced so only junction and tag sequences need 

to be re-sequenced after recombination; 

3) Tags can be introduced to any given position in the gene of interest;  

4) The use of restriction enzymes is no longer needed and the same experimental 

protocol can be used for all of the genes being tagged.  

One last advantage of the recombineering method is that, at least in theory, it should be 

possible to scale it up and use it as a high-throughput gene tagging system. Although 

there are also some potential disadvantages such as the introduction of additional copies 

of many different genes in the recipient genome, the advantages clearly overweight the 

problems.  

Figure 5. Recombineering-based gene tagging in Arabidopsis. Starting with a 
transformation-ready BAC clone (TAC), a selectable marker is introduced in the first 
recombination step and subsequently replaced by desired tag through second 
recombination. The engineered TAC can be reintroduced into Arabidopsis through 
Agrobacterium-mediated transformation after sequencing confirmation. 
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High-throughput recombineering pipelines  

To systematically explore localizomes in higher organisms, it is necessary to have 

high-throughput generic pipelines that can simply, rapidly and inexpensively generate 

tagged transgenic sets for all the genes in the genome. However, two important criteria 

have to be satisfied. First, expression levels and patterns of tagged proteins must reliably 

and reproducibly match the endogenous counterparts. Second, every step of the process 

must be efficient, precise and scalable, and therefore, suitable for large-scale use. 

Recently, recombineering pipelines which support the large scale production of BAC 

transgenes have been developed and applied for functional genomics studies for higher 

organisms (Figure 6).  
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Figure 6. A schematic of the high-throughput pipeline to engineer BACs with 
recombineering and subsequently introduce modified BACs into higher organisms. A 
TAC library can be rapidly modified with a modular tag introduced (96-format at one 
time). After transfected into mammal cells or transformed into plant cells, protein 
function can be interrogated in high throughput. 
 
C. elegans provides an excellent model for protein tagging and functional studies due to it 

is small size and invariant cell lineage. An efficient recombineering pipeline has been 

described to engineer C. briggsae genomic BAC clones to generate tagged transgenes 

(Sarov et. al., 2006). A pRedFlp expression plasmid including a rhamnose-inducible 

promoter driven Red operon and Flp recombinase controlled by tetracycline-inducible 

promoter is transformed into the BAC host cells containing a suitable BAC clone 

preselected for the gene of interest. egfp-kan cassette is electroporated into the 

recombination-competent host cells after induction of Red operon (red) with rhamnose. 
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Next, kan marker flanked with Flippase Recognition Target (FRT) sites is removed by 

anhydrotetracycline-induced expression of Flippase. In the final step, a subcloning 

cassette pPUB containing unc-119 trasformation marker for C. elegans, the blasticidin 

resistance gene (bsd) for selection in E.coli and homology arms to subclone the genomic 

region is electroporated into host cell after induction of red operon. The recombineering 

pipeline can be efficiently carried out in the liquid culture and allows simultaneous 

processing of several genes. Nine out 11 genes were successfully tagged and subcloned in 

two independent experiments. Similar transformation efficiency as commonly used 

unc-119 vectors (pAZ132, Maduro et. al., 1996) was achieved when generating 

transgenic worms using EGFP-tagged C.briggsae ortholog of lin-59 by ballistic 

transformation and the same expression pattern was observed in all GFP-positive lines. 

This approach is simple, fast and all the steps can be processed in liquid culture without 

checking or cloning until the final product. Therefore, it can be feasibly scaled up for 

parallel processing of several genes at the time, and generate tagged transgene sets for all 

of protein-coding genes in C. elegans at a relatively low cost.   

Similarly, a toolkit and robust pipeline has been described for the generation of reporter 

genes within C. elegans fosmid clones (Tursun et. al., 2009). The protocol makes use of a 

recombineering strain SW105 and a single selection marker, the galK gene, flanked by 

FRT/Flp sites to insert fluorescent proteins (GFP, YFP, CFP, VENUS, mCherry) or 

affinity tags at specific target sites.     

Also, an efficient and versatile tagging technology paving the way to genome-wide gene 

tagging in Drosophila has been reported (Venken et. al., 2008). Novel N-tag- and 

C-tag-template vectors containing a tag (such as Cypet, a cyan fluorescent protein and 

YPet, a yellow fluorescent protein derivative) and a kanamycin (Kan) selection marker 
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were constructed. 70-bp primers including 20-bp homology to the tag-template vectors 

required for PCR amplification and 50-bp homology arms to the target region required for 

recombineering are used to generate tag-selection cassettes by PCR. Amplified cassettes 

are subsequently transformed in recombination competent bacteria that harbor P(acman) 

BAC vector (Venken et. al., 2006) containing the gene of interest. Recombination 

between the homology arms in the PCR fragment and the gene of interest occurs and 

recombination events are selected using kanamycin and further identified by PCR. The 

Kan cassette can be removed using Cre recombinase; and therefore, the final product is a 

gene fusion between the tag and gene of interest, with an in-frame LoxP site as linker. It 

has been demonstrated that this recombineering procedure is efficient to generate protein 

fusions at either terminus in an endogenous genomic context. Also, tagged constructs 

have been shown to express under the proper control of regulatory elements, localize at 

expected positions and function similarly to their endogenous counterparts in transgenic 

Drosophila after P-element-mediated transformation. The method allows for the efficient 

tagging of any gene of interest in Drosophila transformation vectors. Tagged proteins can 

maintain their functionality and detectability in live animals. The P vectors used in the 

pipeline contain an attB site which allows for φC31-mediated integration of larger pieces 

of DNA and facilitate high-throughput applications.  

In addition, a fosmid vector (pFlyFos) containing attB sequence and the eye promoter 

(driving dominant selectable marker dsRed) was developed and used to construct two 

complementary genomic fosmid libraries for Drosophila melanogaster and Drosophila 

pseudoobscura. Then a high-throughput 96-well-format liquid culture recombineering 

pipeline was adapted to introduce fluorescent tags into Flyfos clones (Ejsmont et. al., 

2009). It has been shown that the fosmid transgenes can recapitulate endogenous gene 
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expression pattern and allow imaging of gene products in living flies (Ejsmont et. al., 

2009).  

Recently, engineered BACs generated by recombineering have been successfully used to 

modify mice embryonic stem (ES) cells (Zhou et. al., 2004). And recent development of 

“ES cell complementation of tetraploid embryos” technology has made it possible to 

clone mice directly from ES cells. By injecting ES cells containing tagged genes into 

tetraploid blastocysts, animals that are born derive from injected cell and can be used for 

protein localization and interaction studies. Combining recombineering and ES cell 

complementation of tetraploid blastocysts, transgenic mice containing tagged gene can be 

produced in 3 months and the same protocol can be used to tag any mouse gene with high 

throughput. BAC TransgeneOmics, a fast and reliable pipeline to rapidly generate BAC 

transgenes using 96-well-format recombineering and study protein function in 

mammalian cells, has been reported (Poser et. al., 2008). A modified version of the 

TAP-tag containing enhanced GFP for protein localization and S-peptide for affinity 

purification has been generated. In the N-terminal cassette, a neo gene is placed within an 

artificial intron inside EGFP sequence and flanked by two loxP sites which can be 

removed by Cre recombinase. In the C-terminal cassette, tag sequence and neo resistance 

gene are separated by an internal ribosome entry site (IRES). The recombineering 

plasmid pSC101gbaA is introduced to bacterial cultures each containing a specific BAC 

clone.  A shift in temperature from 30 °C to 37 °C and addition of L-arabinose can be 

used to induce the expression of the proteins required for recombination. Tagging 

cassettes containing 50 nucleotides of PCR-introduced homology arms are electroporated 

to competent cells and successfully recombined clones are selected by kanamycin. The 

recombination plasmid containing temperature-sensitive pSC101 origin of replication can 
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be easily removed by incubation at 37°C. 86% success rate was reported after 

high-throughput transfection of human cell culture and transgenes were expressed in 90% 

of transgenic cells and integrated in low or single copy number. It was demonstrated that 

isolation of single cell-derived clones is not necessary since transgene expression levels 

between transgenic lines generated from independent BAC clone and clone pools do not 

vary significantly.  The pipeline performs very well for protein localization, tandem 

affinity purification and chromatin immunopurification (ChIP). Fifteen well-characterized 

genes were selected to test the reliability of the tagging system and known localization 

patterns were reproduced for 11 of these. Also, all 15 tagged-proteins could be purified by 

two-step affinity purification based on GFP and S-peptide. It has also been shown that the 

DNA-binding sites identified by CHIP with tagged BAC transgene produce comparable 

results to conventional antibody-based approach. Moreover, precise expression pattern of 

a GFP-tagged GOI (PCNA) was observed in BAC-transgenic ES cells and ES-derived 

transgenic mice. Thus, the BAC tagging approach can be applied to a multicellular 

context to explore protein function in developing mouse embryo or adult mice. In 

summary, BAC TransgeneOmics has a success rate of 80-90% at each step of the pipeline. 

Liquid handling, 96-well format and automation of most experimental steps enable the 

system to rapidly generate comprehensive tagged BAC transgenes with genome wide 

coverage. Furthermore, the authors suggest the same high-throughput approach is 

amenable for general application to other model systems that permit stable transgenesis. 

High-throughput gene tagging in Arabidopsis: from genome to localizome 

In 2000, the Arabidopsis genome became the first sequenced plant genome (The 

Arabidopsis Genome Initiative, 2000). With a relatively smallest plant genome size 

(Bennett et. al., 2003) and a relatively short life cycle, Arabidopsis is widely used as a 
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model organism and a popular tool in plant biology and genetics studies (Rensink et. al., 

2004; Coelho et. al., 2007). The most up-to-date version of the Arabidopsis thaliana 

genome information is provided by Arabidopsis Information Resource (TAIR, 

http://www.arabidopsis.org/). The newest TAIR9 release contains 27,379 protein coding 

genes, 4827 pseudogenes or transposable elements and 1312 ncRNAs (33,518 genes in all, 

39,640 gene models). 

Plant cells are organized into a complex network of subcellular compartments that are 

specialized for a multitude of biological functions. Comprehensive knowledge of the gene 

expression patterns and localization of corresponding protein products within these 

cellular microenvironments is crucial to fully understand plant physiology, metabolism 

and development. Furthermore, the subcellular location of a protein can provide clues for 

the molecular functions and biological processes in which a protein may be involved 

(Carrari et. al., 2003; Huq et. al., 2003) since there is a tight correlation between protein 

localization and function (Kumar et. al., 2002; Huh et. al., 2003). 

Unfortunately, our knowledge about subcellular locations of Arabidopsis is scarce. Only 

about 5% (1,300) of all predicted Arabidopsis proteins have had their subcellular 

locations determined empirically (GO Term Enrichment, The Arabidopsis Information 

Resource [TAIR], http://arabidopsis.org/tool/bulk/go/index.jsp). Hence, the functional 

characterization of the Arabidopsis genome demands high-throughput tools and 

technologies to analyze gene expression, protein localization, and other in vivo 

biochemical aspects of gene function. Now that it is clear: 1) reliable functional 

information can be best obtained by in vivo expression of tagged proteins using their 

native genomic context; 2) tags can be precisely and easily fused to a gene of choice 

present in a large artificial chromosome by highly efficient homologous recombination 
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systems in E. coli (Lee et. al., 2001), these type of technologies should also be 

implemented in plant systems.  

The binary BIBAC vector can replicate as a single-copy plasmid in both E.coli and 

Agrobacterium.  It has been shown that a 30-kb yeast genomic DNA fragment and a 

150-kb human genomic DNA fragment can be inserted into the BIBAC vector and 

maintained in both E. coli and Agrobacterium tumefaciens (Hamilton et. al., 1997). 

Notably, BIBAC system has been demonstrated to be able to transfer more than 150 kb of 

DNA into plant chromosomes (Hamilton et. al., 1996). Including helper plasmids in 

addition to BIBAC has been shown to increase the efficiency of transfer of unusually 

large BIBAC T-DNAs (Hamilton et. al., 1997). These plasmids carry additional copies of 

Agrobacterium tumefaciens virulence genes virG and virE. pYLTAC7, a TAC vector was 

also developed to accept and maintain large genomic DNA fragments in both E.Coli and 

Agrobacterium tumefaciens (Liu et. al., 1999). It has been shown that large genomic 

DNA fragments of Arabidopsis thaliana can be successfully cloned into this vector and 

most of the DNA fragments can be stably maintained. Also, cis sequences contained in 

the vector make it suitable for Agrobacterium-mediated gene transfer of large T-DNA 

into plants without helper plasmids commonly used in the binary-BAC system. It has 

been demonstrated that TAC clones carrying 40- to 80-kb of genomic DNA fragments 

can be efficiently transferred back into Arabidopsis and faithfully inherited among the 

progeny. Furthermore, the ability to complement the gravitropic defects of a SGR1 locus 

homozygous mutant line by TAC clone carrying 80-kb inserts covering SGR1 region 

proved the practical utility of this vector system for positional cloning in Arabidopsis. 

Using the vector pYLTAC17, a derivative of the previously introduced pYLTAC7 (Liu et. 

al., 2002), a TAC library has been constructed at John Innes Centre (Norwich, UK) using 



 27

DNA extracted from purified nuclei from the leaves of Arabidopsis thaliana ecotype 

Columbia through partially digestion with HindIII and ligation into the HindIII site of the 

vector. It consists of 36,864 clones with average insertion size 80 kb and provides 14x 

coverage of the Arabidopsis genome Importantly, more than 8,000 clones covering 90% 

of the Arabidopsis genes have been end sequenced therefore the gene content of each one 

of these clones is known.  

Additionally, a method to transform large DNA molecular by electroporation has been 

developed (Sheng et. al., 1995) therefore BACs can be efficiently transferred between 

different E.coli strains and Agrobacterium tumefaciens. In addition, developments of the 

in planta Agrobacterium-mediated transformation methods have made it possible to 

generate a large population of transgenic Arabidopsis (Bechtold et. al., 1998; Clough et. 

al., 1998).  

Hence, the vectors and the libraries suitable for manipulation large DNA molecules with 

powerful DNA recombineering technology should be valuable resources for efficient and 

reliable gene function studies and open up the possibility to develop a recombineering 

pipeline for plant.  

Here we propose an efficient, reliable and scalable approach for TAC-based tagging 

system in Arabidopsis thaliana (Figure 7A). The first step is the identification of a 

suitable TAC clone (TAC clone with smaller size yet larger DNA sequences flanking the 

gene of interest is recommended) where the gene of interest is situated approximately in 

the middle of the clone. This can be easily achieved using the ATIDB browser 

(http://atidb.org/cgi-perl/gbrowse/atibrowse/). Once the TAC clone has been identified, it 

is transferred to a recombineering E. coli strain (SW102 or SW105). Next, depending on 

the position in the gene where the tag is going to be inserted, a pair of primers is designed 
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(Figure 7B). Each one of these two primers will consist of two parts, the first part or 5’ 

region of the forward primer, for example, consists of 50 nt identical to the 50 nt of the 

gene of interest just upstream of the point where the GFP will be inserted. The second 

part of the forward primer will consist of ~18 nt corresponding to the 5’ of the 

recombineering cassette (i.e. the galK cassette or the GFP cassette). Similarly the reverse 

primer will also have 2 parts, but in this case they will correspond to the 50 nt just 

downstream of the point where the GFP is going to be inserted and the ~24 nt required for 

the amplification of the recombineering cassette. Using these primers the recombineering 

cassette is amplified (for example the galK cassette), resulting in a DNA product formed 

by the galK cassette flanked by 50 nt of sequence of the gene of interest at either side. 

This linear DNA is electroporated in recombineering competent cells containing the TAC 

with the gene of interest, and the recombination events selected using growth media 

where only bacteria that have incorporated the galK cassette can grow. Using a similar 

PCR strategy the same 50 nt of gene specific sequences can be incorporated to each side 

of the GFP cassette. This GFP cassette can then be used to replace the galK during a 

second recombination event resulting in a final product where the gene of interest 

contained in a large TAC clone is been fused to GFP. This modified TAC clone is then 

transferred to a recA- Agrobacterium tumefacien strain that is then used to mediate the 

incorporation of this “recombineered” TAC clone into the genome of the plant.  

We describe construction of TAC transgenes using a robust recombineering procedure 

and establish protocols for efficient, stable transformation of these large constructs into 

Arabidopsis plants. We demonstrate the feasibility of this approach for the analysis of 

protein cellular and subcellular localization. We also optimize steps in the pipeline and 

prepare it for high-throughput application to tag all the genes in Arabidopsis genome. We 
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believe this robust and reliable recombineering-based Arabisdopsis gene tagging system 

along with optimizations for potential high-throughput applications would dramatically 

accelerate gene function studies in the postgenomic era and facilitate the generation of a 

reliable localizome map in the reference plant Arabidopsis. 

 
A 

 
B 

Figure 7. Arabidopsis tagging pipeline. (A) Flow chart of the pipeline. (B) Schematic 
representation of the two recombination events to create a precise GENE-GFP fusion. 
In the first step, gene of interest is tagged by homologous recombination creating a 
in-frame galK fusion. In the second step, galK is replaced by GFP. Tag is flanked by 
the the upstream Linker G (GGA GGT GGA GGT GGA GCT) 
(Gly-Gly-Gly-Gly-Gly-Ala) and downstream Linker A (GCT GGT GCT GCT GCG 
GCC GCT GGG GCC) (Ala-Gly-Ala-Ala-Ala-Ala-Ala-Gly-Ala) to provide structural 
flexibility to the junction sites. 
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CHAPTER 1 

Recombineering-mediated Tagging of Arabidopsis Genomic Constructs for in vivo 

Localization 

SUMMARY 

Inducible homologous recombination in bacteria has been shown to be very efficient in 

the precise manipulation of DNA sequences contained in large BAC clones, and therefore 

could be used to generate gene-reporter fusions in a pseudochromosome context. On the 

other hand, TAC (Transformable bacterial Artificial Chromosomes) clones containing the 

gene of interest with all its regulatory sequences have been developed to facilitate 

complementation experiments and allow transformation of the genomic DNAs contained 

in these clones back into the plant genome via Agrobacterium-mediated transformation. 

We combined recombineering-based gene tagging using the λ-Red system and the JAtY 

TAC library to develop a pipeline to generate whole-gene GFP fusions required in 

detailed spatial-temporal gene expression studies. However, before recommending this 

system as a general tagging tool in Arabidopsis, it seemed desirable to experimentally 

evaluate the qualities of this approach. Here we examined the efficiency and fidelity of 

each step in the recombineering procedure as well as some of the factors that may affects 

such parameters. We also describe a simple procedure to obtain better transformation 

efficiency using JAtY clones. Our results indicate that the combination of the λ-Red 

recombineering system and the end-sequenced JAtY library can be adopted as a general 
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strategy for the generation of whole-gene reporter fusion constructs to study gene 

function in Arabidopsis.  

Table 1. List of recombination constructs generated. ID: short name for each of GOI 
processed in the project and 8 constructs, P1-P8 were generated by Dr. Jose Alonso. AtY: 
name of the TAC clone. Size: length in bp of the Arabidopsis genomic DNA present in a 
particular JAtY clone. This estimate is based on the end sequences of the JAtY clone. Tag: 
G for GFP, S for single copy of codon-optimized Ypet (Sypet) and T for three copies of 
codon-optimized Ypet (Typet). Details for these two improved versions of fluorescent 
proteins are described in chapter 2. E1: efficiency of the second recombination 
(replacement of the galK by the GFP sequences) as percentage of PCR confirmed 
recombinants out of tested colonies). E2: efficiency of plant transformation (percentage of 
resistant lines geminated from 8,000 T1 seeds on basta plates). Sequence: number of 
clones that needed to be sequenced to find one with no mutations. Position: N for 
N-terminal tagging and C for C-terminal tagging. nd: not determined. na: not apply. 
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Table 1 (continued) 
Gene Name ID JAtY Size Tag E1 E2 Sequence Position

At5g53980 ATHB52 P1 49E13 74Kb G nd nd 1 N 
At1g70560 TAA1 P2 50P13 82Kb G 75% nd 1 N 
At1g70560 TAA1 P3 73L21 30Kb G 80% nd 1 N 
At1g23320 TAR1 P4 70I13 89Kb G nd nd 1 N 
At4g24670 TAR2 P5 73P23 104Kb G nd nd 1 N 
At4g24670 TAR2 P6 76L12 62Kb G 100% nd 1 N 
At1g34040 TAR3 P7 62I21 64Kb G 37% nd 2 N 
At1g34060 TAR4 P8 62I21 64Kb G 100% nd 2 N 
At4g14560 IAA1 A1 68P07 68Kb G 29% 0.18% 1 C 
At3g23030 IAA2 A2 78G07 78Kb G 61% nd 1 C 
At1g04240 IAA3/SHY2 A3 53F09 76Kb G 35% 0.11% 1 C 
At5g43700 IAA4 A4 57M08 66Kb G 87% 0.4% 1 C 
At1g15580 IAA5 A5 61G08 27Kb G 96% 0.74% 1 C 
At1g52830 IAA6/SHY1 A6 74P09 38Kb G 87% 0.21% 1 C 
At3g23050 IAA7/AXR2 A7 78G07 78Kb G 30% 0.13% 1 C 
At2g22670 IAA8 A8 68I18 69Kb G 37% nd 1 C 
At5g65670 IAA9 A9 70O17 62Kb G 54% 0.2% 1 C 
At1g04100 IAA10 A10 74L24 65Kb G 58% nd 1 C 
At4g28640 IAA11 A11 52A17 64Kb G 41% 0.35% 1 C 
At1g04550 IAA12/BDL A12 58D24 37Kb G 89% 0.74% 1 C 
At2g33310 IAA13 A13 80H09 67Kb G 33% 0.53% 1 C 
At4g14550 IAA14/SLR A14 68P07 68Kb G 96% 0.3% 1 C 
At1g80390 IAA15 A15 80H05 69Kb G 42% 0.8% 1 C 
At3g04730 IAA16 A16 53E01 74Kb G 58% 0.18% 1 C 
At1g04250 IAA17/AXR3 A17 53F09 76Kb G 87% 0.11% 1 C 
At3g15540 IAA19/MSG2 A19 52P18 79Kb G 83% 0.27% 1 C 
At2g46990 IAA20 A20 60K12 75 Kb G 13% 0.9% 1 C 
At3g16500 IAA26/PAP1 A21 66K03 47Kb G 91% 0.44% 1 C 
At4g29080 IAA27/PAP2 A27 57L03 67Kb G 42% nd 1 C 
At5g25890 IAA28 A28 71M07 76Kb G 62% 0.13% 2 C 
At4g32280 IAA29 A29 62E08 83 Kb G 13% 0.29% 1 C 
At3g62100 IAA30 A30 68P09 60 Kb G 17% 1.16% 1 C 
At3g17600 IAA31 A31 74G10 38Kb G 37% 2.64% 1 C 
At2g01200 IAA32 A32 67N06 57Kb G 17% 0.32% 1 C 
At5g57420 IAA33 A33 54H01 54Kb G 79% 0.9% 2 C 
At1g15050 IAA34 A34 64F13 64 Kb G 4% 0.33% 1 C 
At1g22780 PFL H1 50E23 27Kb G nd nd 1 C 
At1g66240 ATX1 H2 53J22 44Kb G nd nd 1 C 
At3g56240 CCH H4 49O07 59Kb G nd nd 1 C 
At3g53420 PIP2A H5 69J10 70Kb G nd nd 1 C 
At3g18280 LTP H6 68L19 82Kb G nd nd 1 C 
At1g22780 PFL H1 50E23 27Kb S nd nd 1 C 
At1g66240 ATX1 H2 53J22 44Kb S nd nd 1 C 
At3g56240 CCH H4 49O07 59Kb S nd nd 2 C 
At3g53420 PIP2A H5 69J10 70Kb S nd nd 1 C 
At3g18280 LTP H6 68L19 82Kb S nd nd 1 C 
At1g22780 PFL H1 50E23 27Kb T nd nd 1 C 
At1g66240 ATX1 H2 53J22 44Kb T nd nd 1 C 
At3g56240 CCH H4 49O07 59Kb T nd nd 1 C 
At3g53420 PIP2A H5 69J10 70Kb T nd nd 2 C 
At3g18280 LTP H6 68L19 82Kb T nd nd 1 C 
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RESULTS AND DISCUSSION 

Efficiency of the process 

Although the effectiveness of the λ-Red system to modify large DNA clones has been 

thoroughly examined using mouse BAC clones (Poser et. al., 2008), as well as C. elegan 

fosmids clones (Tursun et. al., 2009), it is prudent to re-examine the efficiency, fidelity 

and integrity of the system using Arabidopsis JAtY TAC clones. Hence, to determine the 

suitability of recombineering as a general tool for gene function studies in Arabidopsis, 

the efficiency and fidelity of each one of the seven steps involved (Figure 7A) was 

examined using JAtY clones ranging in insert size from 27kb to 104kb (Table 1) and the 

average efficiency of each step was estimated (Figure 8A). Among these JAtY clones, 6 of 

them with insert size from 27kb to 79kb (with approximately 10 kb increments between 

them) were carefully evaluated to explore the possible correlation between TAC size and 

efficiency of each step (Table2).  

The first step of the process consists on identifying a suitable TAC clone for each gene of 

interest (GOI). A TAC clone containing the gene of interest among the end-sequenced JAtY 

clones could be found for 39 out of 40 GOI (no TAC containing the gene At1g51950 

(IAA18) was found). After this, the desired TAC clones were transferred from DH10B to 

SW102 E. coli strains. Using the procedure described in the methods section, every clone 

(ranging in size from 27 to 104 Kb) was easily transferred from DH10B to SW102 (~98% 

success rate) and latter into Agrobacterium after recombineering (~73% success rate). The 

apparent ~2% failure of transformation of TAC clone from DH10B to SW102 was not due 

to a problem in the trasformation per se, but to tracking problems of the JAtY library. This 

problem can be solved by selecting another TAC clone containing the GOI. In comparison, 

transformation from SW102 to Agrobacterium is more difficult and approximately 27% 
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colonies can survive from selection without harboring a TAC clone. The reason for these 

false positive colonies to escape the selection is unclear at this point. Nevertheless, it is 

clear that size of TAC is not related to the efficiency of transformation. Next the efficiency 

of inserting galK in the carboxyl terminus of each of the 34 genes in Table 1 was examined. 

Recombination efficiency was estimated by selecting between 16 to 32 galK+ colonies per 

recombination and testing the presence of the galK gene by PCR analysis. In most 

experiments no false positives were found and almost 100% of the galK+ colonies had the 

galK inserted in the desired location. The high stringency of the selection in the first 

recombination also suggest the possibility of using pools instead of single JAtY clones 

during the first recombination step. Only in some experiments low efficiencies in this first 

recombination step were found. This drop in efficiency was found to correlate with the age 

of the galactose selection media and the efficiencies went back up to a 100% as soon as new 

galactose selection media was used. Additionally, agar should also be tested to determine if 

galK- strains can grow in galactose supplemented minimum media. 

A similar approach was employed to test the efficiency of replacing the galK gene by 

GFP. As it can be seen in Table 1 and Figure 8B, the efficiency of this step was much 

more variable, ranging from ~4% to 100%. Usually, low efficiencies were associated with 

suboptimal competent cells or poor quality of the recombination cassette DNA. No 

obvious correlation was observed between TAC size and the efficiency of second 

recombination. 
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Figure 8. Efficiency of recombineering process. (A) Average efficiency, the possible 
cause of failure and feasible solutions associated with each step are shown. (B) The 
correlation between the TAC size and the efficiency of second recombination. 
 

DH10B 
 

SW102 

First Recombination 

Second Recombination (Replacing galK with 
GFP) 

 

 

 

~98% 

~100% 

~77% 

~92% 

Sequence verification 

Transfer to Agrobacterium 

  ~73% It is still not clear what the causes for these 27% failure are.  

The ~8% failure is primarily due to mistakes in the recombination primers and, 
to a lesser extent, due to PCR mistakes. Sequencing additional clones solves the 
problem.  

The efficiency varies from 100% to 4%. Quality of DNA and of competent cells 
is very important. Preparing new DNA and/or competent cells solves the 
problem. 

The ~2% failure is due to tracking problems in the JAtY library. 
Selecting another TAC clone containing the GOI solves the problem.  

Occasional low efficiency was found to correlate with the age of the galactose 
selection media. Preparing fresh media solves the problem. 
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In summary, by examining over 1200 recombination events using 41 different JAtY clones, 

we concluded that the experimental procedure describe here is very robust and provide an 

overall recombination efficiencies between 4% to 100%, with an average of ~55%. 

Moreover, as expected in a counter-selection approach, some of the false positives (galK-) 

colonies correspond to deletions of the galK gene instead of its replacement by GFP. 

Although we did not sequence the galK gene, we speculate that the rest of the false 

positives with no obvious deletion would likely correspond to point mutations. 

Fidelity of the process 

In addition to the efficiency and robustness of the procedure, we also wanted to test its 

fidelity. In other words, whether or not the multiple transformation and recombination 

events will result in undesirable alterations in these large DNA clones, and whether the 

GFP had been precisely inserted in the desired location. To test the fidelity of the system, 

two different approaches were used. First, presence of local alteration at the 

recombination site was examined by sequencing the junctions between the GFP and the 

gene of interest, as well as the GFP itself. The sequence of the junction between the gene 

of interest and GFP indicates that the reporter gene can be directed to the TAC clone with 

nucleotide precision (Figure 9). Among 51 constructs made for 29 GOI, precise and 

flawless GFP insertions were confirmed in the first sequenced clone for 45 constructs 

(Table 1). In the 6 clones with mutations, 5 of them harbored a single nucleotide change 

in the region corresponding to the recombination primers, and were probably the result of 

mistakes incorporated during the synthesis of this long ~70 oligonucleotides. It is 

important to mention that although we found that “desalted” non-purified primers work 

quite well, it is clear that the quality of these long oligomers is critical and results can 

significantly vary depending on the manufacturer and the purification degree of the oligos. 
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Only one mutation was found in the GFP itself and was probably due to a mistake 

introduced by the proofreading polymerase during the GFP amplification. In all 6 cases 

where mutations were found, sequencing of an additional independent clone was 

sufficient to obtain a mistake free construct. This indicates that even when dealing with 

large number of genes it should be relatively easy to find precise modification events by 

simply sequencing one or two additional clones.  

Second, to test for the presence of alterations in other parts of these large TAC clones, six 

JAtY clones with a wide distribution of insert size were selected (Table 2). DNA from 

several independent clones of each of the selected genes was fingerprinted after 

transformation from DH10B to SW102 (Figure 10). As it can be observed, no detectable 

alterations were observed in any of the 30 independent clones examined. Also, the same 

fingerprinting process was carried out after replacement of galK by GFP via the second 

recombination (Figure 11). In all 27 independent clones examined, no major DNA 

rearrangements associated with the recombineering process could be detected.   
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Figure 9. DNA sequencing results of representative recombination events. In all 4 cases, 
GFP was precisely inserted after start codon to produce a scarless chimeric gene.  
 

 
Figure 10. Integrity of TACs after transformation from DH10B to SW102. For each 
construct, DNA from 5 independent clones after transformation were digested with 
HindIII and examined by 1% agarose gel electrophoresis. C: The control lane shows the 
corresponding DH10B clones digested with HindIII.  

Gene 1…… …..Poly G linker……..…..GFP………………Poly A linker……………Gene 1 

 
Gene 2…… …..Poly G linker……..…..GFP………………Poly A linker……………Gene 2 

Gene 3…… …..Poly G linker……..…..GFP………………Poly A linker……………Gene3 

Gene 4…… …..Poly G linker……..…..GFP………………Poly A linker……………Gene 4 

 



 39

 
Figure 11. Integrity of the recombinant JAtY clones. DNA from 4 or 7 independent 
GFP-tagged clones for 6 GOI after second recombination were digested with HindIII and 
examined by 1% agarose gel electrophoresis. M: DNA ladder. C: the control lane 
corresponds to the untagged clone digested with HindIII. Arrows indicate the position of 
the bands that shifted due to insertion of GFP.  
 
Stability of large JAtY clones in Agrobacterium 

One important factor that could compromise the usefulness of the system is the stability of 

the JAtY clones in Agrobacterium. In a comprehensive study using potato BIBACs and 

TACs (Song et. al., 2003) the authors concluded that clones larger than 100 kb suffer 

frequent DNA losses after transfer to Agrobacterium. This “instability” of large clones was 

seen even when recA- Agrobacterium strains were used. In a study more closely related to 

ours (Liu et. al., 1999), only one out of 35 randomly picked Arabidopsis TACs suffered a 

deletion when transferred from DH10B to Agrobacterium. It is important to point out that 

the size of the clones in this last study was not reported, and therefore, it was not possible to 

determine whether or not a direct correlation between size and instability in Agrobacterium 

exists. Since these studies reach different conclusions, it is necessary to further examine 
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the possible alterations of the JAtY clones during their transfer from E. coli into 

Agrobacterium. Six clones ranging in size from 27 to 79 kb were initially examined (Table 

2). As it is shown in Figure 12, DNA alterations were not observed in any of these clones. 

To further explore the long term stability of large JAtY clones in Agrobacterium, three JAtY 

clones with relative larger size (104 Kb-127kb) were propagated for approximately 48 

generations (~12 days). PCR using primers specific to GOI and SacB was conducted 

every three days to check the integrity of TAC (Figure 13) and after the last sampling, 3 

independent clones per construct were fingerprinted (Figure 14). Notably, only in one case 

a single band change was observed in one of the clones (JAtY50P23) (Figure 14). It can 

be speculated that this was due to the incomplete digestion, or point mutation on 

restriction enzyme recognition site. These results suggest that clones containing over 

100Kb TAC could be propagated in Agrobacterium for many generations with minimal 

detectable alteration. However, it cannot be concluded that all JAtY clones are stable in 

Agrobacterium. In fact, some JAtY clones were found to be difficult to transfer into 

Agrobacterium. Although we do not know what the reason is for this, it does not seem to be 

related to the size of the clone. Finally, it is important to mention that, in most cases, once 

these clones are transferred to Agrobacterium they can be maintained in these cells without 

suffering any apparent alterations (data not shown).  
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Figure 12. Integrity of TAC after transformation from SW102 to Agrobacterium strain 
C58 derivative GV3101 (pMP90). For each construct, TACs from 3 or 5 independent 
Agrobacterium transformants were purified and transferred back to E. coli. TACs were 
re-isolated after transformation, digested with HindIII and examined by 1% agarose gel 
electrophoresis. C: The control lane corresponds to the SW102 clones before 
transformation to Agrobacterium.  

 
Figure 13. Stability of large TACs in Agrobacterium. Agrobacterium Strains containing 
JAtY70I13 (112,252bp), JAtY73P23 (126,838bp) and JAtY50P23 (104,575bp) were 
inoculated in LB media for 12 days (cell culture were transferred to fresh media every 3 
days, and an aliquot of cells streaked into LB Kan plates. For each construct, 8 
independent clones were tested by PCR using gene specific primers (top part) and primers 
for SacB (bottom part). Arrow shows a missing band due to failure of the initial PCR 
amplification. The corresponding clone was retested and confirmed to contain the GOI.  



 42

 
Figure 14. Long-term stability of TAC clones in Agrobacterium. For each construct, 
TACs from 3 independent Agrobacterium strains grown for 12 days were purified and 
transferred back to E. coli. TACs were re-isolated from transformants, digested with 
HindIII and examined by 1% agarose gel electrophoresis. Control: the Agrobacterium 
clones before the inoculation. Arrow shows the single band missing in one of the 
JAtY50P23 clones. 
 
Arabidopsis transformation with JAtY clones 

Transfer of the genomic DNA from the JAtY clones into the Arabidopsis genome is 

obviously a critical step in the process. Initially, the transformation efficiency of 25 JAtY 

clones was examined using standard Agrobacterium-mediated floral dip transformation 

(Clough et. al., 1998). As it can be seen in Figure 15A, the efficiency varies quite 

substantially from clone to clone. These low, and very variable transformation efficiencies 

were quite surprising since consistently high efficiencies of transformations using a very 

similar TAC library has been previously reported (Liu et. al., 1999). Two of the possible 

reasons for this discrepancy were, the vector used (pYLTAC17 vs. pYLTAC7), and the 

transformation method (floral dip vs. vacuum). However, neither the use of vacuum 

infiltration (Figure 15B), nor the use of pYLTAC7 derived clones such as K2I5 resulted in 
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any significant improvement (data now shown). It is important to mention that these results 

were very reproducible in three independent transformation experiments, and thus, clones 

with low transformation efficiency will always produce poor results (data now shown), 

while clones with higher efficiencies produce consistently better results. Since the only 

difference between different JAtY clones is the genomic DNA that they carry, it was 

plausible that some property of this DNA was responsible for the observed variability. The 

obvious candidate, the size of the clone, was unlikely to be the culprit since we did not 

observe a correlation between efficiency of transformation and clone size (Figure 15A-B). 

Looking into the vector used to generate the JAtY library, we realized that in this library, the 

Arabidopsis genomic DNA fragments would be immediately adjacent to the SacB coding 

region present in the vector pYLTAC17. Thus, it was possible that, some of these 

Arabidopsis sequences could activate the expression of SacB in Agrobacterium. Activation 

of SacB would be very detrimental for an Agrobacterium cell in the transformation media 

that contains high sucrose concentrations. To test this possibility, we examine the effects of 

5% sucrose (the concentration typically use in the transformation media (Clough et. al., 

1998) on the growth of Agrobacterium harboring either clones that we had successfully 

transferred to plants or those for which we had failed. As it can be seen in Figure 16, there 

was a perfect correlation between the efficiency of transformation and the ability of the 

Agrobacterium to grow in the presence of 5% sucrose. Since it has been shown that sucrose 

can be substituted by glucose in the infiltration media without any adverse effects on the 

transformation efficiency (Clough et. al., 1998), and glucose is not a substrate for SacB, we 

decide to test the plant transformation efficiency when 5% glucose was used in the 

transformation media. As it can be seen in Table 1, Table 2 and Figure 17A-B, all clones 

could be readily transformed using glucose. Although we did not test it, it is possible that 
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similar improvement could be obtained by reducing the amount of sucrose in the 

infiltration media. In fact, Liu et. al. used 1% sucrose instead of the typical 5% giving a 

possible explanation to the discrepancy between theirs and our initial results. However, 

using 5% glucose is highly recommended since it is possible that even 1% of sucrose could 

have detrimental effects on Agrobacterium clones expressing high levels of SacB. 

Furthermore, from the results shown in Figure 18, we can also conclude that the 

transformation efficiency of these large clones is not greatly affected by the Arabidopsis 

ecotype (Columbia or Wassilewskija, WS), transformation methods (dip floral or vacuum 

infiltration) and Agrobacterium growth (on a plate or in liquid media). 
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Figure 15. Efficiency of plant transformation with TAC clones following traditional 
transformation protocol (5% sucrose infiltration media). A: floral dip. B: vacuum 
infiltration. Efficiency was calculated as percentage of basta resistant lines in 8,000 T1 
seeds tested. 
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Figure 16. Effects of 5% sucrose on the growth of Agrobacterium. Agrobacterium strains 
(top part) and corresponding E. coli DH10B strains (bottom part) corresponding to 6 TAC 
clones (Table 2) were grown in LB plates, LB plates supplemented with 2.5% glucose, 5% 
glucose and 5% sucrose. The results from 10 fold serial dilutions are shown. 
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Figure 17. Efficiency of plant transformation with TAC clones following modified 
floral dip transformation protocol (5% glucose supplied in infiltration media). A: 
comparison of transformation efficiency of 6 TAC clones using sucrose or glucose. 
Each transformation was repeated 3 times and graph displays the average and standard 
error of the efficiency. The name of TAC clones are displayed on the horizontal axes 
of the bottom panels. B: correlation between transformation efficiency using glucose in 
the infiltration media and TAC size. Each data point represents a single transformation 
experiment. 



 48

Columbia VS. WS

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

IAA6 IAA4 K2I5

Tr
an

sf
or

m
at

io
n 

Ef
fic

ie
nc

y 
(%

)
Columbia
WS

 
A 

Floral Dip VS. Vacuum

0

0.2

0.4

0.6

0.8

1

1.2

1.4

IAA5 IAA6 IAA26 IAA32 IAA4 IAA19

Tr
an

sf
or

m
at

io
n 

Ef
fic

ie
nc

y 
(%

)

Floral Dip
Vacuum

 
B 

Plate VS  Liquid Media

0

0.05

0.1

0.15

0.2

H1Sypet H6Typet

Tr
an

sf
or

m
at

io
n

E
ffi

ci
en

cy
 (%

)

Liquid Media
LB Plate

 
C 

Figure 18. Factors affecting transformation efficiency. A: Effect of Arabidopsis ecotype 
(Columbia or WS), B: transformation methods (floral dip or vacuum) and C: 
Agrobacterium growth media (LB plates or in liquid LB media) on plant transformation 
efficiency. Efficiency was calculated as percentage of basta resistant lines for each 8,000 
T1 seeds tested. The name of TAC clones are displayed on the horizontal axes of the 
bottom panels. K2I5: a pYLTAC7 derived clone with 87 Kb Arabidopsis genomic DNA 
insertion. Each transformation in A and B was repeated 3 times and graphs display the 
average and standard error of the efficiency. Transformation in C was performed once.  
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Integrity of the T-DNA during plant transformation 

Although the percentage of herbicide-resistant plants is usually taken as a direct 

measurement of the rates of successful transformation events (i.e., whether the whole 

T-DNA is inserted in the plant genome), it may not be applicable when using large clones. 

In fact, previous studies have shown that large deletions of the T-DNA can occur during the 

plant transformation process (Liu et. al., 1999 and Hamilton et. al., 1996). To characterize 

this phenomena in more detail, and to determine the frequencies of deletions and the 

possible effect of the clone size, over 500 T1 (or T2 pools) from 6 JAtY clones ranging in 

size from 27 to 79 Kb were examined (Table 2, Figure 19). In each case the presence of the 

SacB and the tagged gene were tested by PCR. Results clearly indicate that deletions of the 

T-DNA do occur during the process of integration of the T-DNA into the plant genome 

(Figure 19A). We differentiated three types of deletions, deletions where only the SacB has 

been lost but the tagged gene is still present (category B), deletions in which both the SacB 

and the tagged gene have been lost (category D), and category C where the tagged gene 

could not be detected, but still retain the SacB (Figure 19A, category B, C and D). Average 

integrity of the T-DNA was maintained in 70% T1 lines selected from Basta plates 

(Figure 19B). The proportion of T1 lines containing intact T-DNA after plant 

transformation varied from clone to clone (Figure 19C). Importantly, we observed a direct 

correlation between the percentage of deletions and clone size of the T-DNA (Figure 19 D). 

In one case, however, a relatively small clone (IAA6) showed a lot more frequent deletions 

than what would have been expected for a clone of that size. Interestingly, most of the 

deletions in this clone belong to the category D where both SacB and the tagged genes were 

missing. One possible explanation for this is that IAA6 gene is relatively close to the end of 

the TAC clone (Figure 19E), and thus even small deletions could affect this gene. This, 
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however, does not explain the large number of deletions observed for this clone. Thus, 

although we could not identify any obvious sequence peculiarity in this clone such as 

tandem repeats, it is plausible that some specific sequences may favor deletions of the 

T-DNA during the transformation process. Nevertheless, and from a practical point of view, 

the overall results from these experiments indicate that identification of 10-20 basta 

resistant T1s should be sufficient to obtain a few (5 to 10) transgenic lines containing an 

“intact” T-DNA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 51

 

Category C,
0.39

Category D,
23.78

Category B,
6.24 Category A,

69.59

A Β 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

IAA5 IAA6 IAA26 IAA32 IAA4 IAA19

Category A
Category B
Category D

R =- 0.7511

0

20

40

60

80

100

0 20 40 60 80 100

TAC size (kb)
In

te
gr

ity
 (%

)
 

C D 

 
E 

Figure 19. Integrity of T-DNA after transformation of plants. (A) Categorization of 
transgenic lines based on basta selection and 2 sets of PCR (targeting GOI and SacB 
respectively). Category A: T-DNA is intact. Category B: the T-DNA is truncated near 
the left border and SacB gene is missing. Category C: T-DNA has internal truncation 
with GOI missing. Category D: most part of T-DNA is missing except the selectable 
marker. (B) Pie chart of the distribution of all categories. (C) Proportion of category 
A, B, D in transgenic lines transformed with each one of 6 TAC clones. Transgenic 
lines from each of 3 independent transformations were classified in one of the four 
categories described above. The graph displays the average and standard error from 
the three experiments. (D) Correlation between the TAC size and integrity of plant 
transformation with TAC clones (percentage of Category A). (E) Structure of JAtY 
clone JAtY74P09 containing gene IAA6. Arrows indicate the position and direction of 
transcription of all the Arabidopsis genes contained in this clone.    
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Table 2. Detailed information on efficiency and fidelity of each recombineering step of 6 
well-characterised JAtY clones. Success rate: percentage of PCR confirmed independent 
colonies in all tested colonies. Verified clones: number of clones checked by fingerprint.   

SW102 Transformation
galK 

Insertion 
GFP Insertion 

Name 
BAC Size 

(bp) 
Success Rate 

Verified 

Clones 
Success Rate Success Rate

Verified 

Clones 

Sequenced 

Clones 

IAA5 27204  100 5 100 95.65 4 1 

IAA6 38393  100 5 100 87.50 4 1 

IAA26 47225  100 5 100 91.30 4 1 

IAA4 66258  100 5 100 86.96 7 1 

IAA19 78622  100 5 100 82.61 4 1 

IAA32 56967  100 5 100 16.67 4 1 

Agrobacterium 

Transformation 

Plant Transformation 

Efficiency 
Plant Transformation Integrity 

Name 
Success 

Rate 
Verified Clones Sucrose Glucose

Category 

A 

Category 

B 

Category 

D 

IAA5 50.00 3 0.77% 0.74% 90% 2% 8% 

IAA6 50.00 3 0 0.21% 51% 0 49% 

IAA26 83.33 5 0 0.44% 80% 3% 16% 

IAA4 87.50 3 0 0.32% 56% 25% 18% 

IAA19 100.00 3 0 0.40% 64% 3% 33% 

IAA32 66.70 3 0.01% 0.27% 34% 2% 64% 

 
Although this PCR based strategy has been previously used to test the integrity of the 

T-DNA during the plant transformation process (Liu et. al., 1999), it has some potential 

problems. For example, a T-DNA insertion could be classified as intact, when in reality it 

corresponds to two complementary truncations of a T-DNA. To address this potential 

problem, we examined the copy number of three genes positioned in the left, center and 

right of the T-DNA. At the same time, we also determined the number of unlinked 

insertions per line using the segregation of the resistance to Basta.  

First, the segregation of the basta resistance among the progenies of over 230 T1 plants 

generated was examined using 5 different JAtY clones ranging in size from 27 to 82 kb 
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(Table 1, H1-H2 and H4-H6). According to this data (Figure 20A), ~78% of the lines show 

single insertion site, while ~13% had more than one insertion site and ~8% of the lines 

show segregations <1:3 that would be consistent with a reduced transmission of the 

T-DNA. This initial analysis indicates that the TAC size is not correlated with the 

proportion of single site insertions (Figure 20B). Notably, the percentage of single 

insertion lines reported here is much higher than that present in the SalK T-DNA collection, 

where only 50% of the lines show single insertion. These differences may be due to a lower 

frequency of insertions when using large TAC clones compared instead of the relatively 

small T-DNA of pROK2 used in the generation of the Salk collection. In any case, the 

predominance of single locus insertions may be an additional advantage of using the JAtY 

clones.  
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Figure 20. Copy number of T-DNA insertion determined by segregation. Copy number 
for 244 independent T2 lines from 15 constructs were determined by calculate 
segregation rate. (A) Pie chart showing distribution of categories of transgenic lines based 
on segregation. Other: transgenic lines showing segregations <1:3. (B) Correlation 
between the percentage of single copy T-DNA lines and the size of TAC clones. Graph 
displays the percentage of transgenic T1 lines with single-copy T-DNA insertion for each 
of the 15 constructs (data point connected by lines). The GOI targeted by each construct 
and corresponding size of TAC clone are displayed on the horizontal axes of the bottom 
panels. 
The segregation of the basta resistance provide very useful information on the number of 

unlinked insertion sites, however it does not tell us about the total number of T-DNA 

copies inserted in the genome. To determine the T-DNA copy number and also get a better 

idea of the integrity of these T-DNAs, the copy number of the T-DNA was further 

examined by quantitative real-time PCR. Ten independent lines of the construct H4-GFP 

were examined. In H4-GFP, the GFP was inserted just before the stop codon of the gene 

At3g56240 contained in the 59 kb TAC clone JAtY49O07. In addition to the tagged gene 

(At3g56240) we also examined the copy number of the first (At3g56140) and last 
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(At3g56310) gene in this TAC clone. Consistent with previous observations (Bubner et. al., 

2004), the variability between replicates was larger than that typically observed in 

quantitative RT-PCR experiments, preventing us from discriminating differences in copy 

number smaller that 2 fold. In spite of these limitations, the results obtained (Table 3) 

strongly indicate that transformation with these large TAC clones can result in multiple 

linked T-DNA insertions in one or several loci as illustrated by lines H4GFP-15 and 

H4GFP-7. However, not in all cases these linked T-DNA are complete and large deletions 

can be observed as illustrated in lines H4GFP-5 and H4GFP-10. Real-time PCR data also 

largely back up the results of regular PCR used to determine the integrity of T-DNA after 

plant transformation. For example, for the line H4GFP-14 classified into B category, 

real-time PCR confirmed that T-DNA is truncated close to the left border since there was 

no amplification of At3g56140 gene. Finally, it important to point out that in all cases the 

copy number of the genes close to the right border (RB) was equal or higher than that of the 

gene close to the left border (LB). This strongly suggests that the deletions predominantly 

happen at the left border side of the T-DNA as it has been previously suggested (Forsbach 

et. al., 2003). This has important practical implications since the presence of the SacB gene 

close to the LB will be indicative of the presence of at least one whole copy of the T-DNA 

in the plant genome. In fact, we have tested more than 500 independent T1 plants (or pools 

of the corresponding T2) and found that in all but two cases, the presence of the SacB was 

predictive for the presence of the GFP-tagged gene located in the middle of the TAC clone.  
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Table 3. Copy number determined by real-time PCR. DNA extracted from 9 independent 
H4-GFP T2 pools was amplified with primers specific for gene L (At3g56140, close to 
left border), G (At3g56240, GOI) and R (At3g56310, close to right border). A gene 
known to have two copies in Arabidopsis genome was used as control to normalize the 
transgenic lines and wildtype Columbia line. Genotype: indicates the integrity of the 
T-DNA where A indicates that the T-DNA is intact, and B that the SacB gene is mising. 
Fluorescence: fluorescent intensity was classified as L: low; H, High; M, medium; NF: no 
fluorescence observed. Segregation: copy number of T-DNA determined by checking the 
Basta resistance segregation rate in the T1 progenies. The real-time PCR experiments 
involve was performed using 2 biological (Exp1 and Exp2) and 3 technical replicates 
(average is shown in the table).  

Copy Number Based on Real-time PCR 

L G R L G R Line Genotype Fluorescence Segregation 

Exp1 Exp1 Exp1 Exp2 Exp2 Exp2
H4GFP-5 A L 1 1.2 1 4.8 1.2 1.3 5.7 

H4GFP-6 A L 2 0.9 1.6 1.5 1.2 1.9 2.4 

H4GFP-7 A M 2 4.3 5.5 3.6 4.3 6.7 4.8 

H4GFP-8 A NF 1 0.9 0.9 1.9 1.0 1.0 2.4 

H4GFP-10 A NF 1 1 1 3.3 1.2 1.3 3.1 

H4GFP-13 A L 1 1.7 0.3 1.5 2.2 1.9 2.1 

H4GFP-14 B L 1 -0.4 1.8 2.5 0.1 2.0 3.2 

H4GFP-15 A H 1 6 7.6 7.5 8.0 10.2 11.2 

H4GFP-19 A M 1 0.5 1.3 0.7 0.9 1.4 0.9 

Variability of the expression patterns among independent transgenic lines 

Although the presence of detectable fluorescence will obviously depend on the expression 

levels of the tagged gene, even when a gene is highly expressed not all the lines are 

expected to show fluorescence. To estimate the percentage of lines that are expected to be 

informative on a given gene, the GFP fluorescence pattern of over 1500 T2 seeding from 

>350 independent T1 lines generated using 5 different TAC clones ranging in size from 27 

to 82 kb (Table 1, H1-H2, H4-H6) was examined by microscropy. As it was shown in 

Figure 21, when we exclude the lines corresponding to the H2-GFP construct for which 

we could not detect any signal, fluorescence can be observed for more than 70% of 

independent PCR confirmed transgenic T2 families (each family correspond to an 

individual T1 line). Based on microarray data available (Stepanova et. al., 2005), the only 
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undetectable construct H2-GFP correspond to a gene with very low expression level. 

Nevertheless, fluorescence for this gene could be observed from H2-Sypet and H2-Typet 

when improved versions of Ypet were used (more details in Chapter 2).  
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Figure 21. Percentage of fluorescent T2 families. The fluorescence of T2 families was 
determined by examining 10 individual T2 seedlings of each family using fluorescent 
microscopy. Only families from categories A (intact) or B (only the SacB gene is missing) 
were used in this analysis. Dots indicate the number of T2 families examined for each of 
16 constructs generated with recombineering pipeline (359 total). . The names of 
constructs are displayed on the horizontal axes of the bottom panels. 
 
Another typical concern when generating translational fusions is the reproducibility of the 

observed expression patterns among independent transgenic lines, or what is typically 

called “the positional effect”. This variability is thought to result from the presence of 

strong transcriptional enhancers in the vicinity of the T-DNA insertion site that can effect 

the expression of the transgene. Obviously, one additional advantage of using large TACs 

is that the effects of these transcriptional enhancers over the expression of the tagged gene 

should be buffered by tens of thousands of base pairs flanking the gene of interest.  

As it is shown in Figure 22, each one of the five tagged genes has a distinctive expression 

pattern. Importantly, no alterations in the expression pattern or sub-cellular localization 

were observed among different versions of fluorescence proteins, even when three copies 
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of Ypet, an improved YFP (reducing ability to move from cell to cell), were used. 

Moreover, the expression pattern of each gene was consistently observed in all fluorescent 

T1 lines obtained for that particular gene. These results have obvious practical implications, 

as few lines would be needed to establish the expression pattern of the tagged gene.  
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Η1-GFP Η1-Sypet Η1-Typet 

NOT detectable 

  
Η2-GFP Η2-Sypet Η2-Typet 

   
Η4-GFP Η4-Sypet Η4-Typet 

   
Η5-GFP Η5-Sypet Η5-Typet 

   
Η6-GFP Η6-Sypet Η6-Typet 

Figure 22. Expression pattern of tagged gene in Arabidopsis root. 5 representative genes 
(H1, H2, H4, H5 and H6, see also Table 1) were tagged with 3 fluorescence proteins 
(GFP, Sypet and Typet) through recombineering pipeline. Fluorescent microscopy 
imagines were taken from representative T2 seedlings for each construct. 
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 H1-Sypet H2-Sypet H4-Sypet H5-Sypet H6-Sypet 
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Figure 23. Fluorescent microscopy images showing variable fluorescence intensity.
For each of five Sypet-tagged constructs (H1, H2, H4, H5 and H6), independent T2 lines 
were categorized based on average intensity of observed fluorescence from 10 seedlings. 
L: low fluorescent intensity; M: medium intensity; H: high intensity. Representative 
images for each category of all constructs are displayed. Images were taken using exactly 
the same settings. 
 
Variable fluorescent strength was observed across independent T2 lines for each construct 

(Figure 23 and Figure 24). The observed inter-line variability could be caused by the copy 

number of the T-DNA or by the positional effects which may includes chromatin 

structural or the presence of enhancer elements in the vicinity of the insertion site. As a 

first approximation to test these possibilities, we examine the possible correlation 

between fluorescence intensity and copy number. As shown in Figure 25, there is no clear 

correlation between the number of T-DNAs and the fluorescence intensity. However, 

these results are based on segregation analysis, and it has been shown before that some 
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lines that seem to have a single insertion based on segregation of Basta resistance, have 

actually several T-DNA copies as indicated by real-time PCR. Using the lines tested by 

real-time PCR (Table 3), lines with high copy number tend to show also high levels of 

fluorescence. Hence, this data suggest that the variability on the fluorescence intensity 

may by, at least in part, due to the T-DNA copy number.  
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L-40 (H) L-44 (H) L-50 (H) 

   
L-42 (M) L-46 (M) L-45 (M) 

   
L-43 (M) L-48 (M) L-41(M) 

   
L-47 (L) L-52 (L) L-41(L) 

Figure 24. Fluorescent microscopy images of 12 independent T2 lines from H1-Sypet 
construct. Independent T2 lines were categorized based on average intensity of observed 
fluorescence from 10 seedlings. Representative images for each T2 line are displayed. 
The ID of each line and corresponding fluorescent strength are displayed on the bottom 
panels. H: high intensity. L: low intensity. M: medium intensity. 
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Figure 25. Percentage of T-DNA copy number across different categories of fluorescent 
strength. Copy number of each independent T2 line (230 lines, all from category A and B 
based on integrity) was determined by segregation rate. H: high intensity; M: medium 
intensity; L: low intensity; N: no detectable fluorescence.  
 
Sub-cellular localization of tagged proteins 

To further evaluate the feasibility and accuracy of the system to determine sub-celluar 

localization of tagged fusion proteins, representative lines were imaged using confocal 

microscopy at both lower (20×, Figure 26) and higher magnification (40×, Figure 27). 

Notably, distinct and reproducible subcellular localization of each tagged-protein was 

observed regardless of tag used. 

Gene AT1G22780 (H1) is predicted to be a structural constituent of the ribosome 

involved in the binding of f-Met tRNA during initiation of mRNA translation 

(Lijsebettens, et. al., 1994). Our results clearly show that this gene is expressed in the root 

meristem and its protein localized in the cytoplasm as predicted (Chang, et. al. 2005). 

At3g53420 (H5), corresponds to the plasma membrane intrinsic protein 2A (PIP2A), a 

channel protein (Cutler et. al., 2000) shown to localize to the plasma membrane (Tian et. 

al., 2004; Laxmi et. al., 2008). Our results are consistent with these previous studies 
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(Figure X). At1g66240 (H2) is annotated as a heavy metal transporter and detoxification 

protein (Schmid et. al., 2005) predicted to localize in endomembrane systems. Our 

obervations are consitent with this sub-cellular localization.  

At3g18280 (H6), a plant lipid transfer protein, is predicted to localize to endomembrane 

systems (Schmid et. al., 2005). In our tagged lines, this gene was expressed in the root 

vasculature. Due to the very internal position of these cells, their small size, and the 

relatively low expression levels (low fluorescence intensity) we were unable to determine 

its subcellular localization. At3g56240 (H4) is a small copper binding protein involved in 

copper trafficking (Himelblau, et. al., 1998). The localization of this protein is 

controversial. Both chloroplast localization (Zybailov, et. al., 2008) and cytoplasm (Mira 

et. al., 2001) have been reported. Our results however, suggest CCH protein can be found 

in both the cytoplasm and the nucleus. 
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Η1-GFP Η1-Sypet Η1-Typet 

NOT detectable 

  
Η2-GFP Η2-Sypet Η2-Typet 

   
Η4-GFP Η4-Sypet Η4-Typet 

   
Η5-GFP Η5-Sypet Η5-Typet 

   
Η6-GFP Η6-Sypet Η6-Typet 

Figure 26. Confocal images with lower magnitude. For each construct, image was taken 
from one representative T2 line with higher intensity. The names of constructs are 
displayed on the bottom panels. Overlay images of fluorescence and interference contrast 
microscopy (DIC) are shown. 
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Η1-GFP Η1-Sypet Η1-Typet 

NOT detectable 

  
Η2-GFP Η2-Sypet Η2-Typet 

   
Η4-GFP Η4-Sypet Η4-Typet 

   
Η5-GFP Η5-Sypet Η5-Typet 

   
Η6-GFP Η6-Sypet Η6-Typet 

Figure 27. Confocal images with higher magnitude. For each construct, image was taken 
from one representative T2 line with higher intensity. The names of constructs are 
displayed on the bottom panels. Overlay images of fluorescence and interference contrast 
microscopy (DIC) are shown. 
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In summary, we have examined all the steps involved in the generation of gene 

translation fusion utilizing TAC clones and the λ-Red recombineering system. The results 

presented here indicate that this system is reliable and efficient. Importantly, it provides 

several advantages to the alternative existing methods. 1) By tagging the gene of interest 

in the pseudochromosomal context of a bacterial artificial chromosome the presence of all 

the regulatory sequences of a gene, such as potential miRNA targets sites, introns, 5’ and 

3’ UTRs, alternative splicing variants, and nearby as well as distant promoter sequences, 

is ensured. 2) By using homologous recombination, the need for most standard in vitro 

cloning techniques and extensive re-sequencing of the obtained chimeras is circumvented. 

Precise modifications in large DNA molecules can be generated without constraints 

imposed by availability of appropriate restriction sites or the size of the genomic 

fragments that can be efficiently amplified with PCR-based strategies. 3)  By combining 

the advantages of recombineering with the availability of end-sequenced TAC clones and 

the ease of Arabidopsis transformation, the whole procedure can be easily scaled up to a 

genome-wide level. 

MATERIAL and METHODS 

Reporter gene constructs 

Prepare of competent cell 

SW102/SW105 or Agrobacterium C58 cells were grown in a water bath with constant 

shaking overnight at 32°C in 3 ml LB supplemented with tetracycline (Sigma-Aldrich®, 

MO, 12.5 μg/ml final concentration) or rifampicin (Sigma-Aldrich®, MO, 100 μg/ml final 

concentration) respectively. For SW102/SW105 cells containing targeting TAC, 25 μg/ml 

kanamycin (Fisher Scientific, PA) was also added to the media. Next day, 500 μl of the 

overnight culture was diluted in 50 ml LB within a 125 ml baffled conical flask and 
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incubated at 32°C in a water bath with constant shaking to an OD600 of approx. 0.6 

(0.55-0.6). The samples were briefly cooled in an ice/waterbath slurry (~5 mins), 

transferred to one 38 ml centrifuge tubes (NALGENE® Labware, NY) and then pelleted 

by centrifugation at 7000 RPM and 0°C for 5-10 min (Sorvall RC 5B Refrigerated 

Superspeed Centrifuge). Supernatant was poured off and the pellet was resuspended in 1 

ml ice-cold 10% glycerol by gently swirling the tubes in an ice/waterbath slurry. When 

resuspended, ~37 ml ice-cold 10% glycerol was added to tubes and the samples were 

pelleted again. The centrifuge and resuspend step were repeated for another two times, 

and then all supernatant was removed by aspiration using a 9″ Pasteur Pipets, (Fisher 

Scientific, PA) and the pellet was kept on ice.  

Mini-prep preparation 

TAC DNA mini-preps were prepared from 3 ml overnight cultures. The cultures were 

transferred to 1.5 ml eppendorf tubes and pelleted at 14,000 RPM (Eppendorf Centrifuge 

5417C) at room temperature for 30 sec. Supernatant was removed by aspiration. An 

alkaline lysis procedure was used to prepare BAC DNA using solutions I, II and III 

(Sheng et. al., 1995). Cell pellets were resuspended in 150 μl chilled solution I and placed 

on ice. To this, 200 μl freshly prepared solution II were added, the tubes were inverted 

7-9 times to mix and placed again on ice. After adding 150 μl solution III, the tubes were 

again inverted 7-9 times and immediately spun (Eppendorf Centrifuge 5417C) for 6 min 

at full speed at room temperature. The supematant was transferred into a new tube and the 

nucleic acid precipitated by addition of 1 ml of ethanol at room temperature. After mixing 

by inversion, samples were immediately spun for 6-10 min at full speed and room 

temperature. DNA pellets were washed with 1 ml 70% ethanol, air dried and resuspended 

in 30 μl TE (10mMTris, 1 mMEDTA, pH 8.0).   
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Transfer of TACs from DH10B to SW102 or from SW102 to Agrobacterium 

About 6 μl of the DNA from a mini-prep were added to 40 μl ice-cold, freshly-prepared 

electrocompetent cells.  Electroporation was carried out in cold 0.1 cm electroporation 

cuvette on Eppendorf Electroporator 2510 at 1.8 kV. After electroporation of the TACs, 

the bacteria were recovered in 1 ml LB in a 15 ml culture tube (Fisherbrand®) for 1 hour 

at 32 C in an incubator with constant shaking (~190 RPM). After the recovery period the 

bacteria was pelleted in a 1.5 ml eppendorf tube at 14,000 RPM for 30 sec and the 

supernatant was removed with a pipette. The pellet is resuspended in 50 μl LB and plated 

onto LB plates supplemented with kanamycin (25 μg/ml final concentration) and 

incubated 2-3 days. Primers specific for GOI were used to check the colonies by PCR. 

Recombineering using galK positive/negative-selection cassette 

pBluescript containing galK or GFP cassettes were constructed in our lab by Dr. Jose 

Alonso and Dr. Larrisa Benavente. Sypet and Typet cassette were synthesized by 

GenScrip, NJ and cloned into vector pUC57. These plasmids were purified from host 

strains and used as PCR DNA template for the generation of the different recombineering 

cassettes. Primers used for generating recombineering cassettes were designed with 50 bp 

of homology to the sequences flanking the desired insertion site followed by 18 bp 

(forward primer) or 24 bp (reverse primer) of homology to the linker sequences of 

recombineering cassette (Figure 7B). These long oligos (REC_F and REC_R oligos in 

Table 4) were synthesized by Integrated DNA Technologies, IA. The galK, GFP cassettes 

were amplified by PCR (PTC-200 Thermo Cycler, MJ Reseach, MA) with the designed 

primers and a proof-reading Taq-mix (Pfx 50TM DNA Polymerase, Invitrogen, CA) 

using the following PCR conditions: 95°C 3 min., then 94°C 30 sec. -> 54°C 30 sec. -> 

72°C 2 min. for 35 cycles. The Sypet and Typet cassettes were amplified using 
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AccuzymeTM DNA Polymerase (Bioline, MA) with the following PCR conditions: 94°C 

10 min., 94°C 30 sec. -> 64°C 30 sec. -> 68°C 3 min., for 8 cycles then 94°C 30 sec. -> 

56°C 30 sec. -> 68°C 3 min., for 25 cycles. After amplication, 2 μl DpnI were directly 

added to the PCR product and incubated at 37°C for 1-2 hour to cut methylated plasmid 

template. Chloroform extraction and ethanol precipitation were used to purify the 

DpnI-digested PCR product. DNA was resuspended in 20 μl ddH2O (or TE buffer, ph 

8.0).  

Before making competent cells, the SW102/SW105 culture was transferred to another 

prewarmed waterbath (42°C) and heat-shocked for 15 min with constant shaking. 4 μl 

galK cassette or GFP cassette were added to 40 μl electroporation in a pre-chilled 0.1 cm 

cuvette and immediately electroporated on Eppendorf Electroporator 2510 at 1.8 kV. 

After electroporation of the galK cassette, the bacteria were recovered in 1 ml LB (15 ml 

culture tube, Fisherbrand®) for 1 hour in at 32°C with constant shaking. After the 

recovery period the bacteria was washed twice in 1xM9 salts and plated onto M63 

minimal media plates supplemented with 0.2% galactose (Warming et. al., 2005). To 

replace galK for GFP, the procedure was exactly the same except that bacteria containing 

the TAC clones tagged with galK were used, and after the electroporation of the GFP 

assette, the cells were recovered for 3 hours, washed twice with 1xM9 and plated on M63 

minimal media plates supplemented with 0.1% 2-deoxygalactose and 0.1% glycerol 

(Warming et. al., 2005). After incubation for 4-5 days at 32°C in a “150 Science Teaching 

Incubator” (Lab-Line Instruments, Inc., IL), colonies were tested by PCR with forward 

and reverse primers flanking the insertion site (IGFPT-F and IGFPT-R primers listed in 

Table 4). Colonies with right insertion size (galK or GFP) were picked out for further 
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processes. Putative galK+/GFP+ colonies were streaked in LB plates supplemented with 

kanamycin and retested. PCR products using IGFPT-F and IGFPT-R primers from 

GFP-tagged clones were purified by ethanol precipitation and sequenced (Genewiz, NJ) 

using the forward primer: GFP-seq-F (5’-ACAAGACACGTGCTGAAGTC-3’) and 

reverse primer: GFP-seq-R (5’-TATTCCAACTTGTGGCCGAG-3’). Sequencing results 

were analyzed with Sequencher® (Gene Codes Corporation, MI).  

Plant transformation 

The desired TAC containing Agrobacterium strain was inoculated in 50 ml of LB 

supplemented with kanamycin (25 ml /ml final concentration), grown at 28C  and 

constant shaking overnight, and then used for starting a large culture of 50 ml of LB in a 

1L Erlenmeyer flask. Cells were cultured at 28ºC for about 24 hours till near saturation 

with constant shaking. Agrobacterium cells were pelleted by centrifugation at room 

temperature and then resuspended in 250 ml of infiltration media (5% glucose or sucrose 

in water, plus 200 μl Silwet-77). Alternatively, TAC containing Agrobacterium stains 

were grown on plates (150mm×15mm, 2 plates for each transformation) supplemented 

with kanamycin at 28ºC for 2-4days. The cells formed a uniform lawn that was harvested 

from the plates and resuspended in 250 ml of infiltration media .  

Plants were grown at 22°C under 16-h-light/8-h-dark cycles in a controlled climate 

growth chamber for approximately 4 weeks. Floral dip (Clough et. al, 1998) or vacuum 

infiltration (Bechtold et. al., 1998) was conducted. Pots with transformed plants were 

placed horizontally in a clean tray and immediatelly covered with a transparent plastic 

dome to maintain high humidity. The trays were moved back to the growth chamber. 

After ~24h, plastic domes were shifted ~2-3 cm sideways to facilitate air exchange (to 

gradually reduce humidity) for another ~24h. Plastic domes were then completely 
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removed, and the pots were positioned vertically. Transformed plants were watered as 

needed until they finish flowering.  

Seeds were collected from fully dried plants and approximately 8000 T1 seeds (~0.2g dry 

weight) were surface sterilized for 10-15 minutes in 50 ml tubes using 30-40ml of 50% 

bleach spiked with 3-4 drops of Triton-100 per liter. After that the seeds were suspended 

in di H2O, Basta (Phosphinothricin, glufosinate ammonoium) (20 μl/ml) and Timentin 

(300 μl/ml) were supplemented. Seeds were cold-treated at 4ºC for 2-3 days to equalize 

germination. To plate the seeds, pre-cooled 0.7% top agarose was added to the seeds and 

using a 10ml pipettes were uniformly distributed on the top of of AT plates (1x MS salts, 

1% sucrose, pH 6.0; 0.6-0.8% agar) supplemented with 20 μl/ml Basta. Plates were 

incubated in the light for 1-2 hours at room temperature and then placed in the dark 

incubator at 22ºC. After 3 days in the dark, plates were moved to constant light for 2-5 

days. Green seedlings were selected and transferred to soil for propagation and further 

analysis.  

Genotyping of transformants  

Tissues of basta-resistant transgenic lines (leaf tissue (10-20 mg) from ~14-day-old of T1 

plants or 25-50 3-day-old T2 seedlings) were harvested into 96 well plates and DNA was 

extracted following the CTAB DNA extraction protocol (Doyle et. al., 1987). 3 sets of 

PCR were conducted to genotype transgenic plants: 1) IGFPT-F and IGFPT-R primers 

(Table 4) were used to amplify both the transgene and the endogenous gene (also used as 

a control for quality of DNA), 2) IGFPT-F and GFP-seq-R primers were used to confirm 

the presence of GFP-tagged GOI, and 3) SacB-F (5’-AATAAAGATTCTTCGCCTTG-3’) 

and SacB-R (5’-TGTAAAACAAGCCACAGTTC-3’) primers to examine the integrity of 

left border of TDNA.  
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Copy number of T-DNA insertion 

Segregation of the basta resistance 

Approximately 40 T2 seeds per T1 line were planted on AT plate and at same time, about 

100 T2 seeds per T1 line were screened for resistance on basta plates. Seedlings 

germinated on AT plates were counted to calculate the germination rate of each T1 line 

examined. On basta plates, seedlings developing green color upon light exposure were 

counted to calculate the ratio of basta resistant vs sensitive plants. The resistant ratio was 

calculated correcting for the germination rate. Single copy lines were identified if the 

corrected resistant ratio falls between 0.63-0.86 (P=0.05, Pearson's chi-square test). Lines 

with revised corrected ratio of >0.86 were considered to have 2 or more insertions.   

Real-time PCR 

Genomic DNA was extracted from pooled T2 seedlings following CTAB DNA extraction 

protocol (Doyle et. al., 1987). DNA pellets were resuspended in 50µl di H2O and 2 µl of 

each further diluted sample (40×) were PCR amplified using an ABI 7900 System 

(Applied-Biosystems, CA) in a 10-µl reaction, containing  5 μl 2×SYBR Green Master 

Mix, 1 µl of 10 µM forward primer, 1 µl of 10 µM reverse primer, and 1 µl of water. 

Reactions were incubated at 50 ºC for 2 min, 95 °C for 10min then 95 °C 15 s -> 60 °C 

30 s -> 72 °C 30 s for 40 cycles. Dissociation curve analysis was performed subsequently. 

Real-time PCR results were analyzed using the SDS 2.2.3 (Applied-Biosystems, CA) 

package. The quality of the amplification was tested by examining the bimodal 

dissociation curve and amplification plot. All reactions were repeated 3 times (technical 

replicates) and the median of the 3 Ct values was used for further analysis. Using 

Columbia as control, the copy number of a gene was calculated based on ratio between 

transgenic lines and wildtype line. An Arabidopsis gene (AT2G01830) known to have two 
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copies in Arabidopsis genome was used as endogenous control (EC). Amplification 

efficiency for each primer pair was calculated using serial DNA dilutions. For this 

purpose, equal volumes of all DNA samples were pooled and 1x, 2x, 4x, 8x, and 16x 

dilutions were run in triplicates for each primer pair. Efficiency of primers was then 

determined the formula: E=2^[-1/slope] (Pfaffl et. al., 2001). The fold change between 

transgenic line and control line was calculated using the equation: Fold 

change=Egene^(Ctcol-gene-Ctsample-gene)/EEC^(Ctcol-EC-Ctsample-EC) (Pfaffl et. al., 2001). The 

number of insertion was then calculated as 2×(Fold change-1). 

The following primer pairs were used for the Real-Time PCR experiments: At3g56310 

forward primer 5’-CCCACAGCATTCTTCCAAGT, and reverse Prime 

5’-GTTGGTCATCG- TGTGC; At3g56140 forward primer 

5’-GCGCCACCACTTCTAGTCTC, and reverse primer 

5’-TTCCTTATTCACGGGTGGAG; AT3G56240 forward primer 5’-TGAG- 

AAGCAGTTTTCC, and reverse primer 5’-CGGTTTCGACCTTAGGATCA; EC  

forward primer 5’-TGGATGGTTACGTCTCCAAAC, and reverse primer 5’-GCAT- 

CAATCAGCAGAATCG.  

Fluorescence microscopy and confocal laser scanning microscope 

3 day old dark grown T2 seedlings were mounted in water on a microscope slide (Fisher 

Scientific, PA) and covered with a coverslip (Corning, MA). GFP fluorescence was 

observed with an Zeiss Axioplan (Carl Zeiss MicroImaging Inc, Germany) under 10 × or 

20× magnitude and the images were acquired with a SPOT Insight™ (SPOT™ Imaging 

Solutions, MI) camera with the SPOT advanced software (SPOT™ Imaging Solutions, 

MI). To facilitate the comparisons between independent T2 lines of a construct, images 

were acquired using the exact same settings. Lines with strong fluorescence were selected 
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for confocal microscope imaging. A LSM 710 confocal workstation (Carl Zeiss 

MicroImaging Inc, Germany) was used. Fluorescence and differential interference contrast 

microscopy (DIC) images were acquired at both 20 × and 40× magnification. The 

obtained images were analyzed using the Zen 2009 software (Carl Zeiss MicroImaging 

Inc, Germany). All images were further processed with Adobe Photoshop (Adobe Systems, 

CA). 
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Table 4. Primers used to generate the constructs described in Chapter 1. IGFPT-F and IGFPT-R: forward and reverse primers used to test 
recombinants by PCR. REC_F and REC_R: primers used to amplify galK, GFP, Sypet and Typet cassettes. 

NAME IGFPT-F IGFPT-R REC_F REC_R 

IAA1 AAGATGGAGAT
TGGATGTTG 

CGTATTTGTAACC
CTATTGC 

CTTGTCAAAAACTCAGAATCATGAAAGGATCCGAA
GCTCCTACTGCCTTAGGAGGTGGAGGTGGAGCT 

GTAGAATTTGTTTTTGCCTCGACCAAAAGGTGTTTTGA
GACAATGGATCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA10 GTTCCTTGGCA
GTAAGTGAC 

TATTCACAAACG
ACCACAAG 

TGACAAGACTGAGAATCATGAAGACATCAATTGGA
GCTGGAGTAGGTAAGGGAGGTGGAGGTGGAGCT 

AGTTACAGACCAAAGAGATGTAAACTGTTTTTGCTATA
TAGGACTCTCTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA11 GGATAATGAAA
ACATCGGAG 

AAGAAACTGTAA
AGGGGAGA 

TCGTTGTGACCGTGTTTGTGTGATCCTTGTTTACAGC
TCAGATGATATTAGGAGGTGGAGGTGGAGCT 

TATTACTGCTTCAAACATAAAGGGTTCTTCGTAGATTA
TTATTTGCTTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA12 CTTCTGGTTTCT
TGATTTCTCG 

GCTTCTGCATGCT
TTTATCC 

CAGCTCCAAGACGTCAAGAGCAGAAGGATAGACAA
AGAAACAACCCTGTTGGAGGTGGAGGTGGAGCT 

TGCAAACCTCAAACAATACATAAACAATGCCAGCTTT
GGAAGGGAAGCTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA13 AAGCTAATGGA
CTCGGTATG 

GCAACCGAAAAT
TAAAAGAC 

CAGCTGCACGAAATCAAGAACCAAACGAGAGACAG
CGAAAGCAGCCGGTTGGAGGTGGAGGTGGAGCT 

AAACCCCAAAATATAAAACCTGTAACACCGTAACGTC
GAAAAGAGATCTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA14 TGTTCGTTTCTA
TAAGTGGC 

AGGAAAAGAATA
ATAAAGTAGG 

GTGTTTTTTTTTCAGCTCCAAGAGCAATGGAGAAGT
TCAAGAACAGATCAGGAGGTGGAGGTGGAGCT 

ATACCAAAAAAAAAAAATCAATGCATATTGTCCTCTTT
TTTTTTTGTTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA15 GGACGGTGACT
TGATGTTAG 

ATTAAAACTTTGA
GCATCCC 

AATCTTGCAAACGTATGAGGTTAATGAAAACCGGA
GATGCTATTGGATTAGGAGGTGGAGGTGGAGCT 

CTTTCGAAGATCCGATGCGTTTACGTTGTGGGAAGCAG
AATAGAGACCTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA16 AAGCAATCGGA
CTTGGTTAG 

ATAGTTTCGAGCC
GGTTTAG 

TTCTATATATTGCAGCTCCAAGGGCATTAGAAAAGT
GCAAGAACAGAAGTGGAGGTGGAGGTGGAGCT 

AGGCTTTCTTCCTTTTTTAGGTAAGAACACGAAATGTC
GTCGAGAACTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA17 TTTTAACAGAA
TAAATACCGTG 

CCAAATCCAGAT
CAAAACAC 

GTAAAAATATTTCAGCTCCGAGGGCGATGGAGAAG
TGCAAGAGCAGAGCTGGAGGTGGAGGTGGAGCT 

TGTTAATCAAATATATAATCGATACCACTTATCCTTTT
AATTTGACTTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA19 GGGGTATGTTC
TATCTTTTGAC 

TCAACACTCAAG
AAACAAGTAG 

AAAGATCGGATGCTACCGGGTTTGGGCTGCAGCCTA
GAGGAGTAGACGAGGGAGGTGGAGGTGGAGCT 

AAGATTAAATTAATGAACCAGCTCCTTGCTTCTTGTTC
AAGTCATCATCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA2 ACGAAGATAAA
GATGGTGACTG 

TTTCGTCTTTCAC
GGTCAAC 

GACTCAGAATCATGAAGGGATCCGACGCTCCTGCTC
TAGACTCTTCCTTAGGAGGTGGAGGTGGAGCT 

ATAGTCATCATCTCCTTTTTAGACAAAAGATTCTCAGC
TTCTCTGGATCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA20 ACGCAGATAAG
GAAGGTGAC 

ACTACCGAGAAT
AATCAGAG 

TCTTGTCTACTGTGAGAAGACTGAAGATTTCAAGAG
CTAATTACCACTACGGAGGTGGAGGTGGAGCT 

CTTGGCATTACTTCGATTTAAACACAACAAGTACGTAG
ACTTATATATCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA26 AGTTGGATGCA
GTAAGCAAG 

AATCTCATCGTCT
AGTGTCTTG 

TCCTCTGTATATTTGCAGTTGGATGCAGTAAGCAAG
AGAAGATGATGCACGGAGGTGGAGGTGGAGCT 

AAGCTTTGAGACTCTCTGTCTGAAATAAAAGTTTCTAA
AAAGACTCTTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA27 TACTGGAGAAA
CTAAAACGATG 

GGAAGAGGCCTT
ATTAGAGC 

TTTCTTTTTTTGCAGCTCCAAGGGTGATGGAGAAGT
GCAGAAGCAGGAACGGAGGTGGAGGTGGAGCT 

AAAACATATTTTTTCAAATCATATATTATCACATAAAA
GGGCTTTTCCTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA28 ATGTTTTAAAG
ACCTCCCAC 

AGTAAATCAAAG
CCAAACCC 

TAACTTATATATTTATTTATTTTTTCACAGCTAGAAA
ACATGGCAAGGAAGGAGGTGGAGGTGGAGCT 

TACATTAAAAACAAACCATCGAACTGATGATTTTGGCC
AACCTCTCTCTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA29 CTGGCTACTTC
GAGGGGATG 

AACCATTGGATTT
GATACTAAG 

GGATATCAATAATTAGAGATCGACCGTGTGCATATA
CAAGATGTTTGTTTGGAGGTGGAGGTGGAGCT 

TTTTAATTACAAAATAAAAAATAATGGTCCGATTTGAA
CGCCTATCCTTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA3 CAAAGGTTTAG
GCTGTGGTG 

CCGATGAGGTAA
ATAAAGGC 

GACTAAGGATCATGAAAGGATCAGAAGCCAAAGGT
TTAGGCTGTGGTGTAGGAGGTGGAGGTGGAGCT 

TTCTTCAAGTTCTTTTGTGTCTCTGTTAGATTTCTTGAA
GATATATCTCAGGCCCCAGCGGCCGCAGCAGCACC 
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Table 4 (Continued) 
IAA30 ACGCAGACAAA

GAAGGTGAC 
AAAGGATCTGCA
TTAGCTAC 

TGTTCTTGTCTAGCGTGAGAAGACTAAAGATCTCAA
GAGCTTATCACTACGGAGGTGGAGGTGGAGCT 

GACTGTATTGGTCAATCCTAGATTCTTCCAAGTTTGCTT
TTAGAAAATCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA31 CATTGGTATAA
TTTCCTCGG 

ATCAATCAATTCT
CCAACTTC 

TGTTTCTTGAAACCGTGAGAAGACTAAAGATCACGA
GACCGGAGAGGTATGGAGGTGGAGGTGGAGCT 

TTACACGTCTCGTAACTGCGCAATCACAGCCTTGACCG
ATCCAAGTTTTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA32 TGTCTGAAACC
TGTAGGGAG 

CAATAGAACCAC
AAGTGAGC 

GCGTGGATCGGATGCGAATCGCAAGAAGAAACGAT
GCTCTTCTTCCCTTTGGAGGTGGAGGTGGAGCT 

TCTTAGATAATCAGTGAACGCCCCAGAAGAAGCTTGG
ACTTAAAAGCTTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA33 GGTTTTCGTTC
AATGTTTAG 

GGCTTATCTTATT
TTGTTCTTG 

TTCGAATCTTGCCGGTCAAGGGAAACACAAGACAA
GTTAAAAGAAACGAGGGAGGTGGAGGTGGAGCT 

TTACAAAACATCGTATGACATCGTTGCAAAAACGGTCT
TTCTCCTCCTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA34 AACTCTTGCTC
ATCAACTCG 

GTAAGACGAGAA
TCCAGACG 

GCGTGGAGCGGCTGAGAATCACAAGAAGAAACGAT
GCTGTACTTCCCTTTGGAGGTGGAGGTGGAGCT 

CTGACTTGGAAATTATAACAAAGAGTGAAGAAAGAGA
GAAGCTAATATTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA4 TGCAGGATGTT
TGTTTCGTC 

AACCCGAGCAGT
TTCAGAGC 

TAAGGATCATGAAAGGATCTGAAGTTAAAGGTTTAG
GTTGTGGTGGTCTTGGAGGTGGAGGTGGAGCT 

CTGTTTTTGAATCTTTCTCTTTGATCTTTATCTCTCAATT
AGGTTTGTTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA5 AAGACAAAGAT
GGAGATTGG 

AGGCAATGTAAA
CAGATTCG 

TTGGATCGTGCAAGAGGTTAAGGATTATGAAGAGAT
CATGTAACAGAGGAGGAGGTGGAGGTGGAGCT 

GATATCTGTAAGGCTCACTCACATTCACATGTGACTAT
AAATATCATTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA6 TAAGTTTATGT
TTAGCTTGC 

GTATGATACGAC
CAGTAAGG 

TGAGGATCGTGAAGAGATCAGATGCAACTGGTTTTG
GTCTCCAGCAAGATGGAGGTGGAGGTGGAGCT 

TTCAAACTTTATGGTTAATTAAAGATGATCAACACTAG
CTAGTATGATTAGGCCCCAGCGGCCGCAGCAGCACC 

IAA7 GCAGTTGGACT
TGGTACATC 

ATCATCAAACCG
ACAGACAC 

TCTTGGTTATAGCTCCGAGAGCAATGGAGAAGTACT
GCAAGAACAGATCTGGAGGTGGAGGTGGAGCT 

CCCGTCATATTGTTGATCATTGATGCTTCTTTTTTTTTA
TTATTAATTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA8 CTGAATACAAA
CTCAATGGC 

AATCAAGATTTTG
CGTAGAG 

CTGTGGCAGCTCCAGGTGCAGTGGAGAAATCGAAG
AACAAAGAGCGGGTTGGAGGTGGAGGTGGAGCT 

ATTGGAACTGTGCATAGTGTTTTTTTTTTGTCTTGAGCA
TCTTCGTTTCAGGCCCCAGCGGCCGCAGCAGCACC 

IAA9 GCTATTGGGTT
AGGTAAAGTC 

TCATTTCCTTACA
TTCGTAGTC 

ATATTGCAGCTGCAGCTCCGAGAGCAATGGAGAAA
TCGAAGATGAGAGCTGGAGGTGGAGGTGGAGCT 

ATCGCACATATTTTGTATAGTTAGAAAGCTTTGTCATG
TTCCATCTTTTAGGCCCCAGCGGCCGCAGCAGCACC 

PFL TCGGCAACAAA
ACCTAATCTG 

ATTCTTGCGTATG
GAGGAGTG 

CCAAAACCACCGGACGCCGTGGAAAGACTGTTGGT
GTTTCCAAGAAGCGTGGAGGTGGAGGTGGAGCT 

ATACAAAAAAAACAAAACAAAGCCATTGAACCAAGCT
CAAACTCTTTTTAGGCCCCAGCGGCCGCAGCAGCACC 

ATX1 GAAAAGATTGT
CGATATCGCG 

TGCCCCAGTGCAT
ATTTATTC 

CCGGAAAGAAAACGGCTTTTTGGGAAGCTGAAGGT
GAAACTGCTAAGGCTGGAGGTGGAGGTGGAGCT 

ATAGATTTTATTAAAACAGAGAATCACATAAAATGAT
CTGCTTCTCCTTAGGCCCCAGCGGCCGCAGCAGCACC 

CCH GCTGATCCTAA
GGTCGAAACC 

AAAGAAAGTCGG
ACCAACATG 

CTGATGTTGAACCAAAAGCCGCAGAAGCCGAGACT
AAGCCATCACAAGTTGGAGGTGGAGGTGGAGCT 

GAAGCATTGTAAAGGTAGATTAGCCTTCCTTTTCATCG
TTAGTATACTTAGGCCCCAGCGGCCGCAGCAGCACC 

PIP2A CATGGGATGAC
CACGTAAGAC 

CCAATCACTCGTT
TAAAAGCG 

GAGCTTCAGGTTCTAAGTCTCTTGGATCATTCAGAA
GTGCTGCCAACGTCGGAGGTGGAGGTGGAGCT 

GAGAGATCACAACTTCATTTATTCTTGAGAAATCTGGT
TTGATGTGTTTAGGCCCCAGCGGCCGCAGCAGCACC 

LTP CTCCTAATGAT
TCTAGCCCCG 

TGCATACAAAGC
ATCACCAAG 

CCAACGCTCGTAAAGTCTCTAAAAGTTGCAAACTCC
CCATCCCAAGGTGTGGAGGTGGAGGTGGAGCT 

CAAACATATATAGGATGATCATAAACAGCAAACACTT
TTCTGACTTTTTAGGCCCCAGCGGCCGCAGCAGCACC 
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CHAPTER 2 

Recombineering-based Tagging of Arabidopsis Aux/IAA Gene Family 

SUMMARY 

As described in the previous chapter, a recombineering-mediated tagging system can be 

efficiently and reliably used to tag Arabidopsis genes. However, to ensure the system can 

be used as a general strategy to study gene expression and protein localization, it is 

desirable to evaluate the feasibility of examining genes with low expression levels and 

short protein harl-lives. Arabidopsis Aux/IAA family contains 29 genes with 4 conserved 

domains referred as domains I, II, III and IV (Hagen et. al., 2002; Liscum et. al., 2002). 

These early auxin response genes are expressed at relatively low levels and their 

corresponding proteins are rapidly turned over, which provides us a very good model to 

test our recombineering-based tagging system. Seventy-four constructs have been made 

to study the expression pattern and subcellular localization of 28 Aux/IAA. By mutating 

the core residues of the stabilization domain II, and replacing a conserved sequence of 

dimerization domain IV by an improved fluorescent protein (3 copies of codon-optimized 

Ypet) we were able to visualize the expression of these genes. Tagged Aux/IAA proteins 

were found to be expressed in specific parts of the Arabidopsis seedlings and to be 

nuclear localized. Our results demonstrate that recombineering-based gene tagging can be 

used, not only to insert fluorescent tags in a gene of interest, but also to introduce point 

mutations and replace one sequence by another. These types of sequence modification 

were shown to be essential to obtain gene expression information and protein subcellular 
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localization of these low abundant and short-lived proteins. The detailed analysis of these 

genes’ expression will provide new insights on the regulation auxin-mediated processes 

in Arabidopsis.  

Table 5. Constructs made for determining the expression pattern and subcellular 
localization of Aux/IAA gene family. Δ: deletion. C: C-terminal tagging. →: amino acids 
exchange.  

GENE CONSTRUCT Domain II Domain IV TAG TAGGING 
POSITION 

IAA1 IAA1-GFP - - GFP C 
 IAA1M2--GFP PP→PS - GFP C 
 IAA1M2R4-Sypet PP→PS ΔGFVPTYEDKDGDWMLVGDVPWD Sypet Domain IV

IAA10 IAA10-GFP - - GFP C 

 IAA10M2R4-Sypet PP→PS ΔSEYIITYQDKDGDWMLVGDVPW Sypet Domain IV

IAA11 IAA1-GFP - - GFP C 

 IAA11M2R4-Sypet PP→PS ΔSGLVLTYEDKEGDWMLVGDVPW Sypet Domain IV
IAA12 IAA12-GFP - - GFP C 
 IAA12M2--GFP PP→SP - GFP C 

 IAA12M2R4-Sypet PP→SP ΔSDFVLTYEDKEGDWMLVGDVPW Sypet Domain IV
IAA13 IAA1-GFP - - GFP C 

 IAA13M2R4-Sypet PP→PS ΔSEFVLTYEDKEGDWMLVGDVPW Sypet Domain IV

IAA14 IAA14-GFP - - GFP C 
 IAA14M2--GFP PP→PS - GFP C 

 IAA14M2R4-Sypet PP→PS ΔSEYVPSYEDKDGDWMLVGDVPW Sypet Domain IV

IAA15 IAA15-GFP - - GFP C 
 IAA15M2R4-Sypet PP→PS ΔGEFVATYEDKDGDLMLVGDVPW Sypet Domain IV

IAA16 IAA16-GFP - - GFP C 

 IAA16M2R4-Sypet PP→PS ΔSDYVPTYEDKDGDWMLVGDVPW Sypet Domain IV
IAA17 IAA17-GFP - - GFP C 
 IAA17M2R4-Sypet PP→PS ΔWDYVPSYEDKDGDWMLVGDVPW Sypet Domain IV

IAA19 IAA19-GFP - - GFP C 
 IAA19M2--GFP PP→PS - GFP C 

 IAA19-GFPGAL4  - GFP-IREScp-GAL4 C 

 IAA19-Typet  - Typet C 
 IAA19M2R4-Typet PP→PS ΔCEYVTIYEDKDGDWMLAGDVPW Typet Domain IV

IAA2 IAA2-GFP - - GFP C 

 IAA2M2--GFP PP→PS - GFP C 

 IAA2M2R4-Sypet PP→PS ΔGFVPTYEDKDGDWMLVGDVPWD Sypet Domain IV

IAA20 IAA20-GFP - - GFP C 

IAA26 IAA26-GFP - - GFP C 
 IAA26M2--GFP PP→PS - GFP C 

 IAA26--GFPGAL4 - - GFP-IREScp-GAL4 C 

 IAA26-Typet - - Typet C 



 80

Table 5 (Continued) 
 IAA26M2R4-Typet PP→PS ΔGEFTLTYEDNEGDKMLVGDVPW Typet Domain IV

IAA27 IAA27-GFP - - GFP C 

 IAA27M2R4-Sypet PP→PS ΔSEYVVTYEDKDSDWMLVGDVPW Sypet Domain IV
IAA28 IAA28-GFP - - GFP C 

 IAA28M2R4-Sypet PP→PS ΔRQYTLVYEDTEGDKVLVGDVPW Sypet Domain IV

IAA29 IAA29-GFP - - GFP C 
 IAA29M2R4-Sypet PP→PS ΔTNYTFTFQGKEGDWLLRGDVTW Sypet Domain IV

IAA3 IAA3-GFP - - GFP C 

 IAA3M2--GFP PP→PS - GFP C 
 IAA3M2R4-Sypet PP→PS ΔSDFVPTYEDKDGDWMLIGDVPW Sypet Domain IV

IAA30 IAA30-GFP - - GFP C 

IAA31 IAA31-GFP - - GFP C 
 IAA31M2R4-Sypet PP→PS ΔKHHVLTYEDKDGDWMMVGDIPW Sypet Domain IV

IAA32 IAA32-GFP - - GFP C 

 IAA32--GFPGAL4 - - GFP-IREScp-GAL4 C 

 IAA32-Typet - - Typet C 

 IAA32M2R4-Sypet ΔLIDW
SQ ΔSEFSLVYRDREGIWRNVGDVPW Sypet Domain IV

IAA33 IAA33-GFP - - GFP C 
IAA34 IAA34-GFP - - GFP C 

IAA4 IAA4-GFP - - GFP C 

 IAA4M2--GFP PP→PS - GFP C 

 IAA4--GFPGAL4 - - GFP-IREScp-GAL4 C 

 IAA4-Typet - - Typet C 

 IAA4M2R4-Typet PP→PS ΔSDFVPTYEDKDGDWMLVGDVPWE Typet Domain IV
IAA5 IAA5-GFP - - GFP C 

 IAA5M2--GFP PP→PS - GFP C 

 IAA5--GFPGAL4 - - GFP-IREScp-GAL4 C 

 IAA5-Typet - - Typet C 
 IAA5M2R4-Typet PP→PS ΔSECVPIYEDKDGDWMLAGDVPWE Typet Domain IV
IAA6 IAA6-GFP - - GFP C 
 IAA6M2--GFP PP→PS - GFP C 

 IAA6--GFPGAL4 - - GFP-IREScp-GAL4 C 

 IAA-6Typet - - Typet C 

 IAA6M2R4-Sypet PP→PS ΔCEYIIIYEDKDRDWMLVGDVPW Sypet Domain IV

IAA7 IAA7-GFP - - GFP C 

 IAA7M2R4-Sypet PP→PS ΔSEYVPSYEDKDGDWMLVGDVPW Sypet Domain IV
IAA8 IAA8-GFP - - GFP C 

 IAA8M2R4-Sypet PP→PS ΔSEFVLTYEDKDGDWMLVGDVPW Sypet Domain IV
IAA9 IAA9-GFP - - GFP C 

 IAA9M2R4-Sypet PP→PS ΔKDYVLTYEDKDGDWMLVGDVPW Sypet Domain IV
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INTRODUCTION 

Function and structure of Aux/IAA family genes 

The plant hormone auxin regulates diverse cellular and developmental responses in plants 

including, but not limited to, patterning in embryogenesis, apical dominance and tropic 

responses (Jenik et. al., 2005; Leyser, 2005; Muday et. al., 2001). Through the study of 

mutants in Arabidopsis thaliana, dramatic advances have been made in the understanding 

of the mechanisms of auxin signaling and response. Auxin-induced gene expression is 

regulated by interaction of two related families of proteins, auxin/indole-3-acetic acid 

(Aux/IAA) proteins and auxin response factors (ARFs) (Guilfoyle et. al., 2007). Aux/IAA 

genes were first identified as members of a family of early auxin response genes 

(Theologis et. al. 1985) and the Arabidopsis genome contains 29 Aux/IAA genes (Liscum 

et. al., 2002). Transcriptional factors from ARF family (23 in Arabidopsis genome) 

regulate the expression of genes containing auxin-response elements (ARE) in their 

promoter (Remington et. al., 2004). The current model (Figure 28 A-B) suggests that 

under low-auxin conditions, the activities of ARFs are repressed by Aux/IAA proteins. At 

high concentration of auxin, degradation of Aux/IAA proteins occurs and therefore, the 

inhibition of ARF activity is released and auxin-mediated transcriptional changes take 

place (Ulmasov et. al., 1999; Tiwari et. al., 2004).  

The majority of Aux/IAA genes are comprised of four domains (I-IV) (Liscum et. al., 

2002) and share conserved domain architecture (Figure 28C). Domain I is the least 

strictly conserved and has the smallest size. Specific activity of domain I is still unclear, 

however it has been shown that domain I is not responsible for the stability of Aux/IAA 

proteins (Dreher et. al., 2006) and may play a role in Aux/IAA protein homodimerization 

(Ouellet et. al., 2001). Highly conserved domain II is the target for ubiquitination and is 
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responsible for mediating a quick turnover of Aux/IAA proteins (Colon-Carmona et. al., 

2000). This quick protein turnover of the AUX/IAAs provides the mechanistic basis for 

the fast and efficient plant response to endogenous or external signals (Worley et. al., 

2000). Domain III has been shown to be required for dimerization as mutant versions of 

domain III compromise the ability of AXR3/IAA17 to dimerize (Ouellet et. al., 2001). 

Domain IV, together with Domain III, mediate homo- and heterodimerization between 

Aux/IAA proteins and enable the AUX/IAAs to heterodimerize with ARF proteins 

(Overvoorde et. al., 2005). Most family members of ARF proteins also share the same 

structural features (Figure 28C) with an N-terminal DNA-binding domain, a divergent 

middle region and C-terminal dimerization domains homologous to domains III and IV of 

Aux/IAA proteins (Guilfoyle et. al., 2007). In the Aux/IAAs, divergent sequences outside 

the conserved domains are thought to enable these domains to adopt the correct tertiary 

structure (Reed, 2001). 

Aux/IAA genes have tissue-specific expression patterns and different Aux/IAA genes 

respond to auxin signaling with varying degrees and kinetics (Abel et. al., 1995). In fact, 

although the majority of AUX/IAAs are induced by auxin, the expression of some of 

them is not auxin-regulated, and in same other cases it can even be repressed by auxin 

(Rogg et al, 2001). Importantly, the fact that, in general, Aux/IAAs are up-regulated by 

auxin but act by inhibiting auxin responses suggests the existence of an 

Aux/IAA-mediated negative feedback loop. The probable role of such a regulatory loop is 

to provide very precise control of the auxin responses.  
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Figure 28. Function and structure of Aux/IAA family in Arabidopsis. (A-B) Current 
model of auxin-mediated signaling. Aux/IAA proteins repress the activity of ARFs 
under basal conditions, whereas increased auxin concentration accelerates degradation 
of Aux/IAA proteins by interacting with the SCFTIR1 ubiquitin-ligase complex. 
Degradation of the Aux/IAAs releases the ARFs and therefore activates 
auxin-mediated gene expression changes. It has been shown that auxin regulates 
degradation of the Aux/IAA proteins by binding directly to an auxin receptor, TIR1 
(Dharmasiri et. al., 2005). (C) Conserved domains present in most Aux/IAA or ARF 
proteins. Sequences between the conserved domains vary in size and the case of the 
ARF middle region (MR) this variability is represented by a break line. ARFs also 
have a conserved DNA-binding domain (DBD) that recognizes auxin response 
elements (AuxREs) present in promoters of auxin-response genes (Remington et. al., 
2004). Some Aux/IAA and ARF proteins lack one or more of the conserved domains. 
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Most of the functional information on the Aux/IAA genes comes from the detail 

phenotypic and molecular analysis of gain-of-function aux/iaa mutations. It is important 

to emphasize that all these gain-of-function mutants are caused by the stabilization of the 

protein due to very specific missense mutation in domain II. These phenotypic studies 

suggest distinct and overlapping roles of Aux/IAA family in development. shy2-2/iaa3 

(Tian et. al., 1999), shy1-1/iaa6 (Kim et. al., 1996), bdl/iaa12 (Hamann et. al., 1999), 

axr3-1/iaa17 (Rouse et. al., 1998), and iaa18-1 (Ploense et. al., 2009), all cause leaves to 

curl up, while axr2-1/iaa7 (Nagpal et. al., 2000), slr-1/iaa14 (Fukaki el. al., 2005), and 

axr3-1/iaa17 all cause short root hairs and root agravitropism. Figure 29 shows the 

phylogeny of the Arabidopsis Aux/IAA protein sequences based on conserved regions. 

Members of Aux/IAA family fall into distinct clades and the existence of many closely 

related sister pairs suggests these genes arose from segmental duplications of the genome 

(Vision et. al., 2000, Remington et. al., 2004). The overlapping phenotypes shared by 

some members of the family suggest the existence of mutual compensation between 

Aux/IAA family proteins. This is further supported by the absence of phenotype in the 

loss-of-function (LOF) mutants. Thus far, no LOF phenotypes have been reported for 

Aux/IAA genes other than shy2/iaa3 (Tian et. al., 1999). However, contrasting effects of 

different aux/iaa mutants on the same auxin response suggest different Aux/IAA genes 

may have opposing functions. shy2-2/iaa3, shy1-1/iaa6, axr2-1/iaa7, axr3-1/iaa17 cause 

shorter hypocotyls than wildtype, but iaa18-1 mutant has longer hypocotyl than wildtype. 

Also, axr3-1/iaa17 mutant has more lateral roots than wildtype, whereas shy2-2/iaa3, 

slr-1/iaa14, iaa28-1 (Rogg et. al., 2001) plants have fewer lateral roots.  

Recent progress toward discovering the functions of Aux/IAA genes suggests the 

developmental specificity of an auxin response is generated by transcriptional 
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regulatation of optimized interacting Aux/IAA-ARF proteins pairs (Weijers et. al., 2005). 

Specific Aux/IAA-ARF protein pairs are thought to play key roles on concrete 

morphological and developmental processes by reading auxin concentration gradients and 

then translating into corresponding gene expression (Liscum et. al., 2002). However, the 

number of potential binding partners coupled with complex spatial expression and 

induction profiles suggest a complicated network of interactions that remains to be 

elucidated. We are now in a position to determine the expression pattern and subcellular 

localization of all of the Aux/IAA and ARF proteins (not included in this thesis). These in 

vivo localization studies will be essential to understand where and when auxin signals are 

turned on, and how different Aux/IAA-ARF pairs specify different auxin responses. This 

type of detailed expression study, could also guide the selection of those family members 

that may have potentially redundant functions in specific cell or tissue and particular 

developmental processes.  

 



 86

 
Figure 29. Phylogenetic tree of Aux/IAA family. The multialignment was generated 
by ClusterW (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Protein sequences 
were downloaded from T-DNA Express (http://signal.salk.edu/cgi-bin/tdnaexpress) 
and if a gene has more than one model, the one with the longest protein product was 
used. Phylogenetic tree were generated with Java view (http://www.jalview.org/) 
using neighbor-Joining method based on percentage of whole protein sequence 
identity. 
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REULSTS AND DISCUSSION 

Tagging genes of the Aux/IAA family with GFP 

To determine the expression patterns and subcellular localizations of members of the 

Aux/IAA gene family, 28 Aux/IAA genes were tagged at their C-terminal with GFP using 

the recombineering-based system (Table 5). IAA18 was not included in this study since 

there is not and end-sequenced JAtY clone available that contains this gene. Expression of 

the transgenes was confirmed for 3 IAA-GFP constructs (IAA4-GFP, IAA5-GFP and 

IAA19-GFP) by RT-PCR (Figure 30). IAA5 has been reported to be quickly induced by 

IAA (Conner et. al., 1990; Abel et. al., 1995) and real-time RT-PCR shows that 

GFP-tagged IAA5 and the endogenous gene respond to auxin treatment in a similar way 

(Figure 31).  

In spite of detecting the trangenes’ mRNAs of several Aux/IAAs, no fluorescence was 

observed from any of the GFP constructs. There could be several reasons for this. First of 

all, these studies were limited to Arabidopsis plants at the seedlings stage where some 

IAA genes may not be expressed or might have very low expression level. In fact, based 

on microarray data most Aux/IAA genes have very low expression levels in the root 

(Birnbaum et. al., 2003; Stepanova et. al., 2005). Secondly, Aux/IAA proteins are 

extremely short-lived (Abel et. al., 1994) and do not accumulate in vivo. Thus, it is likely 

that the GFP used in the study is sensitive enough to detect these unstable proteins with 

low expression level.  
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A (IAA4-GFP) 

 
B (IAA5-GFP) 

 
C (IAA19-GFP) 

Figure 30. RT-PCR result of GFP-tagged IAA gene expression. (A) Transgene 
expression could be detected from 3 independent IAA4-GFP lines (1, 2 and 3) using 
primer pairs specific for transgene (T) and primer pairs amplifying both the 
endogenous gene and transgene.(E/T)In the right part of graph, bands specific for 
transgene amplification using T primer pairs are boxed and their identity further 
confirmed by DNA sequencing. PCR bands specific for transgene when using E/T 
primer pairs are boxed in the left part of graph. Col: Columbia wildtype used as 
negative control. RNA: one of the RNA samples without reverse transcription used as 
negative control. (B) Expression of IAA5-GFP was detected from 3 independent lines 
before (1, 2 and 3) or after auxin treatment (1A, 2A, and 3A). Arrows indicate the 
bands specific for the transgene amplified using either E/T primer pairs or T primer 
pairs. (C) Expression of IAA19-GFP was detected from 3 independent lines (1, 2 and 
3). Bands specific for transgene amplification using E/T and T primer pairs are boxed 
in the left part of graph and the right part of graph respectively.  
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Figure 31. Induction of IAA5-GFP expression after auxin treatment. Intron spanning 
primers were designed to amplify endogenous IAA5 gene and IAA5-GFP transgene. 
Fold change was determined by comparing the expression level in pooled IAA5-GFP 
T2 seedlings treated with 0.1μM IAA for 1h and expression level in mock-treated 
seedlings. The experiment was performed with 3 biological replicates (3 independent 
IAA5-GFP transgenic lines were used and the names of these lines are displayed on 
the bottom panels). The result indicates that IAA5 endogenous gene and IAA5-GFP 
transgene show similar response to auxin treatment. 

Tagging gain-of-function mutants of the Aux/IAA family with GFP 

It has been shown that the conserved domain II is required for rapid turnover of Aux/IAA 

proteins by mediating interaction with SCFTIR1 ubiquitin-liagse complex (Gray et. al., 

2001; Tian et. al., 2003). Observations from fusion of domain II to firefly luciferase (LUC) 

or β-glucuronidase (GUS) reveal that domain II confers instability to the reporters 

(Worley et. al., 2000; Gray et. al., 2001; Ramos et. al., 2001) and is sufficient to 

recapitulate in vivo degradation of fusion proteins in response to auxin (Zenser et. al., 

2003). Also, axr3-1/iaa17 with a domain II mutation has been shown to have a slower 

degradation and seven-fold greater lifetime compared with endogenous wild-type IAA17 

(Ouellet et. al., 2001). Up to date, dominant or semi-dominant mutations have been 

identified for 10 Aux/IAA family members (Yang et. al., 2004) and analysis of these 
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dominant mutants has substantially contributed to our current understanding of the 

Aux/IAAs’ functions. 

The core residues of domain II required for rapid degradation is present in 23 of the 29 

Arabidopsis Aux/IAA proteins, but entirely or partially missing in IAA20, IAA30, IAA31, 

IAA32, IAA33, and IAA34 (Figure 32). It has been reported that proline hydroxylation is 

critical for Aux/IAA recognition by TIR1 receptor (Tan et. al., 2007) and that mutation of 

either one of the two prolines in the core sequence GWPPV to a serine stabilizes the 

Aux/IAA proteins (Fukaki et. al., 2002; Hamann et. al., 2002).  

Since we were unable to detect any fluorescence from GFP-tagged wildtype IAA 

constructs, 10 dominant Aux/IAA mutations with the Pro→Ser amino acid exchange 

(details in Table 5) were generated by 70-mer oligonucleotide-mediated homologous 

recombination or recombineering using galK selection (see methods section). The 

resulting IAA mutants were then tagged in their C-terminus with GFP using the 

recombineering system (Table 5). However, no fluorescence was observed from any of 

the GFP lines generated with the domain II mutation. A possible explanation for this is 

that the accumulation of stabilized Aux/IAA proteins will cause detrimental auxin-related 

developmental phenotypes. Thus when selecting for healthy plants in the herbicide 

containing media, we were indirecty selected transgenic lines with relatively low level of 

transgene expression.  
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Figure 32. Protein alignment of the Aux/IAA domain II. The multi-alignment was generated by ClusterW and the image was acquired using 
Java view. Only amino acids around predicted domain II were included and core sequences GWPPV of domain II are boxed. 
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Tagging Aux/IAA family genes with GFP-IREScp-GAL4 

To determine the physiological relevance of a specific gene expression pattern, 

GAL4-UAS system has been extensively employed to manipulate the expression pattern 

of a GOI and analyze the physiological consequences of such alterations (Phelps et. al., 

1998). In most cases, however, this has been done by using randomly generated 

GAL4-GFP enhancer trap lines or transcriptional fusions that make use of the promoter of 

the genes of interest (Laplaze et. al., 2005; Casamitjana-Martinez et. al., 2003). In the 

former approach, the endogenous gene whose expression has been observed and imposed 

to a reporter gene is not typically known. On the other hand, in the latter case of promoter 

transcriptional fusions, regulatory sequences other than the promoters are usually not 

included. We have used a bi-cistronic GFP-IREScp-GAL4 system to overcome the 

limitations of the two aforementioned systems. The general idea is to generate a 

bi-cistronic mRNA that will contain both the full length mRNA of the GFP-tagged GOI 

and the IREScp-GAL4 RNA sequences. The levels and expression patterns of this chimeric 

RNA will be determined by “all the regulatory sequences” of the targeted gene (including 

potential miRNA-mediated regulation) that are present in the engineered JAtY clone. 

Importantly, this RNA will encode two independent proteins, the GFP-tagged protein 

corresponding to the endogenous gene and the GAL4 protein. The GAL4 protein would 

then bind to the upstream activation sequence (UAS) and promote the transcription of 

GUS reporter gene (or any other reporter gene under the control of the UAS sequences). 

The schematic plot of the system is shown in Figure 33A. Critical to the success of this 

system is that both coding regions in the chimeric RNA are efficiently translated. Among 

the different possible alternatives to generate this construct we have selected the internal 
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ribosomal entry site from the tobacco virus coat protein (IREScp, Skulachev et. al., 1999). 

This translation enhancer has been extensively tested in Arabidopsis and proven to be 

highly efficient (Yamamoto et. al., 2003). The GFP-IREScp-GAL4 system may have 

several main advantages compared with the whole gene-GFP translational fusions 

described above. First, it may be more sensitive, since the GAL4 transcription factor may 

act as an amplification element. On the other hand, and as discussed above, the 

GAL4-based system, can also be used for the precise manipulation of GOI expression in 

planta. Furthermore, it may provide a practical solution in the analysis of genes with very 

sort-lived proteins, since the expression pattern of GAL4 would perfectly mimic that of 

the tagged gene, but the turnover of the GAL4 protein will not be influence by that of the 

GOI. And finally, the system integrates GFP tagging to offset the limitation that GAL4 

itself cannot be used to examine subcellular localization.  

Six Aux/IAA genes have been tagged with GFP-IREScp-GAL4 at their C-terminal using 

the recombineering system (depicted from now on as “GFPGAL4” constructs). The 

resulting constructs (Table 5) were transformed into plants containing UAS-GUS reporter. 

As expected from our previous experiments, no GFP fluorescence could be detected, and 

unfortunately, GUS staining was only observed from a few transgenic T1 seedlings of 2 

constructs indicating the efficiency of translation of GAL4 cistron is too low to be 

detected. IAA5-GFPGAL4 (Figure 33B) and IAA26-GFPGAL4 (Figure 33C) were shown 

to be expressed at hypocotyl-root junction and upper root respectively. However, these 

expression patterns could not be reproduced in T2 or T3 seedlings. The most likely 

explanation for the failure of the system is the relatively low expression level of the 

targeted genes and low efficiency of the IREScp in this experimental context. Thus, how 
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efficiently IREScp can start translation of GAL4 in GFP-IREScp-GAL4 system still needs 

to be further examined.  

 
A 

 
B (IAA5-GFPGAL4) 

 
C (IAA26-GFPGAL4) 

Figure 33. Tagging of Aux/IAAs with GFP-IREScp-GAL4 system. (A) Schematic 
representation of the GFP-IREScp-GAL4 tagging cassettes. A bi-cistronic mRNA 
containing the GFP-tagged gene and the GAL4 sequences separated by the IREScp 
will be produced mimicking the expression patter of the tagged Aux/IAA genes. P 
stands for promoter of Aux/IAA genes and AAA represents the polyadenylation tail at 
the 3' end of mRNA. Gal4 specifically binds to UAS and activate GUS gene 
transcription. (B-C) GUS staining of UAS-GUS lines transformed with IAA5 and 
IAA26 tagged with GFP-IREScp-GAL4 at their C-terminal. Microscopy images were 
taken from representative T1 seedlings. 
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Tagging Aux/IAA genes with 3 copies of Ypet (Typet) 

Ever since GFP was adapted to study protein localization, a constant search for new and 

improved variants has been conducted (Heim et. al., 1994; 1995). Ypet, an improved 

version of YFP (a derivative of GFP), has been shown to have reduced chloride 

sensitivity, faster folding and increased fluorescence intensity (Nguyen et. al., 2005). 

Since one of possible reason for failing to detect fluorescence from all our GFP-tagged 

Aux/IAA constructs is the relatively low abundance of the GFP-tagged protein, we 

speculated that by increasing the brightness of the fluorescent protein we may be able to 

detect these low-abundance proteins. To further improve our chances of success in this 

difficult task, the Ypet sequence (Nguyen et. al., 2005) was modified according to the 

codon usage in Arabidopsis. The codon-optimized Ypet (Ypet*) along with linker A and G 

sequences used in galK/GFP cassettes (figure 7B) was synthesized to form a new tagging 

cassette, Sypet (Table 6). In the mean time, adaptor sequences were used to link the three 

individual Ypet* (sequences slightly different) into a larger fluorescent protein (Typet, 

Table 6) and avoid possible conformational alterations of the individual Ypets. Six 

Aux/IAA genes were then tagged with Typet at their C-terminus (Table 5, Figure 34A, 

depicted from now on as “Typet” constructs). However, fluorescence could only be 

detected in two T1 lines of IAA4-Typet construct and one T1 line of IAA5-Typet under 

extreme conditions (overnight auxin treatment) (Figure 34 B-D). Therefore, improvement 

the intensity of fluorescence alone was not sufficient for detecting of the expression of the 

low abundance and highly unstable Aux/IAA proteins.   
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Table 6. Sequences of Sypet and Typet cassettes. 
Sypet cassette 
(Linker G) GGAGGTGGAGGTGGAGCT-(ypet*) 
ATGTCTAAGGGTGAAGAGTTGTTCACTGGTGTTGTTCCTATCCTTGTGGAGCT
TGATGGTGATGTTAACGGACACAAGTTCTCTGTTTCTGGTGAAGGTGAAGGTG
ATGCTACTTACGGAAAGCTTACTCTTAAGCTCCTCTGCACTACTGGAAAGCTT
CCAGTTCCTTGGCCTACTCTTGTTACTACTCTCGGATACGGACTTCAATGTTTC
GCTAGATACCCTGATCATATGAAGCAGCACGATTTCTTCAAGTCTGCTATGCC
TGAAGGATACGTGCAAGAGAGAACCATCTTCTTCAAGGATGATGGAAACTAC
AAGACTAGAGCTGAGGTTAAGTTCGAGGGTGATACTCTCGTTAACAGGATCG
AGCTTAAGGGAATCGATTTCAAAGAGGATGGAAACATCCTTGGACATAAGCT
CGAGTACAACTACAACTCTCACAACGTGTACATCACTGCTGATAAGCAGAAG
AACGGTATCAAGGCTAACTTCAAGATCAGACACAACATTGAGGATGGTGGAG
TTCAACTTGCTGATCACTACCAACAGAACACTCCTATTGGAGATGGACCTGTT
CTTCTCCCTGATAACCACTACCTTTCTTACCAGTCTGCTCTCTTCAAGGATCCT
AACGAGAAGAGGGATCATATGGTTCTTCTCGAGTTCCTTACTGCTGCTGGAAT
TACTGAGGGAATGAACGAGCTTTATAAG- 
(Linker A) GGTGCTGCTGCGGCCGCTGGGGCC 
Typet cassette 
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Table 6 (Continued) 
(Linker G) GGAGGTGGAGGTGGAGCT -(Ypet*1) 
ATGTCTAAGGGTGAAGAGTTGTTCACTGGTGTTGTTCCTATCCTTGTGGAGCT
TGATGGTGATGTTAACGGACACAAGTTCTCTGTTTCTGGTGAAGGTGAAGGTG
ATGCTACTTACGGAAAGCTTACTCTTAAGCTCCTCTGCACTACTGGAAAGCTT
CCAGTTCCTTGGCCTACTCTTGTTACTACTCTCGGATACGGACTTCAATGTTTC
GCTAGATACCCTGATCATATGAAGCAGCACGATTTCTTCAAGTCTGCTATGCC
TGAAGGATACGTGCAAGAGAGAACCATCTTCTTCAAGGATGATGGAAACTAC
AAGACTAGAGCTGAGGTTAAGTTCGAGGGTGATACTCTCGTTAACAGGATCG
AGCTTAAGGGAATCGATTTCAAAGAGGATGGAAACATCCTTGGACATAAGCT
CGAGTACAACTACAACTCTCACAACGTGTACATCACTGCTGATAAGCAGAAG
AACGGTATCAAGGCTAACTTCAAGATCAGACACAACATTGAGGATGGTGGAG
TTCAACTTGCTGATCACTACCAACAGAACACTCCTATTGGAGATGGACCTGTT
CTTCTCCCTGATAACCACTACCTTTCTTACCAGTCTGCTCTCTTCAAGGATCCT
AACGAGAAGAGGGATCATATGGTTCTTCTCGAGTTCCTTACTGCTGCTGGAAT
TACTGAGGGAATGAACGAGCTTTATAAG- 
(Adapter1) GCTGCTGCAGCTGCTGCAGCTGCTGCAGCT-(Ypet*2) 
ATGTCTAAGGGTGAAGAACTCTTTACCGGTGTTGTGCCTATCTTGGTTGAATT
GGACGGTGATGTGAATGGTCATAAGTTCTCAGTTAGCGGAGAGGGTGAAGGT
GACGCAACATACGGTAAGTTGACCCTCAAGCTTTTGTGTACAACTGGAAAGT
TGCCTGTTCCATGGCCAACACTCGTTACTACATTGGGTTACGGACTCCAGTGC
TTTGCTAGGTATCCAGACCACATGAAGCAACATGACTTTTTCAAGAGCGCTAT
GCCAGAGGGATATGTTCAAGAGCGTACTATTTTCTTCAAGGACGACGGTAAT
TACAAAACACGTGCTGAAGTGAAGTTTGAGGGTGACACCTTGGTGAACAGAA
TCGAGTTGAAGGGTATTGACTTTAAAGAGGACGGTAACATCTTGGGTCACAA
GTTGGAGTATAACTACAACAGCCATAACGTCTACATTACCGCAGACAAGCAA
AAAAACGGTATTAAGGCAAATTTCAAAATCCGTCATAACATCGAAGATGGTG
GTGTTCAGTTGGCAGACCATTACCAGCAAAACACACCTATCGGTGATGGTCCT
GTGTTGCTCCCAGACAACCATTACCTTAGCTACCAGAGCGCTTTGTTTAAGGA
CCCAAACGAGAAACGTGATCACATGGTGCTTTTGGAGTTTTTGACCGCTGCTG
GAATCACAGAGGGAATGAATGAGTTGTACAAG- 
(Adapter2)GCAGCAGCTGCAGCTGCTGCTGCTGCAGCT-(Ypet*3) 
ATGAGCAAAGGTGAAGAGTTATTCACGGGAGTGGTTCCAATTTTGGTGGAGT
TGGATGGGGACGTCAACGGTCATAAGTTTTCTGTGAGTGGAGAAGGCGAGGG
TGATGCAACATATGGAAAACTCACCCTCAAGTTGCTCTGTACTACCGGTAAAC
TTCCTGTGCCATGGCCTACTTTGGTTACAACCCTTGGATATGGATTGCAATGC
TTCGCTCGTTATCCGGATCACATGAAGCAGCACGACTTTTTTAAGTCAGCCAT
GCCAGAAGGTTACGTTCAGGAAAGGACGATCTTTTTTAAGGACGACGGGAAC
TATAAGACAAGGGCAGAAGTGAAGTTCGAAGGGGATACCCTTGTTAATCGTA
TCGAACTCAAAGGCATTGACTTCAAAGAAGATGGGAATATCCTCGGGCACAA
ACTTGAGTACAATTATAACAGCCACAATGTTTACATCACGGCCGACAAACAA
AAGAATGGGATTAAGGCCAACTTTAAGATTAGGCATAATATCGAGGATGGGG
GAGTGCAATTGGCCGATCATTATCAGCAGAATACCCCAATTGGTGATGGACC
AGTGCTTTTGCCGGATAACCATTACTTGTCCTACCAATCTGCTCTTTTTAAAGA
CCCGAATGAGAAGCGTGACCATATGGTTTTGTTGGAATTCCTCACAGCTGCTG
GTATTACCGAAGGCATGAATGAACTTTACAAG- 
(Linker A) GGTGCTGCTGCGGCCGCTGGGGCC 
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A 

  
B (IAA4-Typet) C (IAA4-Typet) 

 
D (IAA5-Typet + overnight auxin treatment) 

Figure 34. Tagging of Aux/IAA genes with Typet. (A) Structure of constructs. Typet, 
composed of three codon-optimized Ypet (Ypet*) was introduced right before the stop 
codon of the Aux/IAAs. (B) Fluorescent microscopy image of IAA4-Typet Arabidopsis 
root. (C) Expression of IAA4-Typet at a lateral root initiation site. (D) Expression of 
IAA5-Typet in Arabidopsis root with overnight auxin treatment. 
 
Tagging of dominant aux/iaa mutants with part of domain IV replaced by Typet 

As discussed before, the attempts to tag dominant mutants of Aux/IAA gene were 

unsuccessful the transgenic plants with high expression levels of stabilized Aux/IAA 

protein are unlikely to survive the selection process. However, it has been shown that 

increased repressor activity of mutations in domain II can be partially suppressed by a 

second site mutations in domain I and III of Aux/IAA proteins (Tiwari et. al., 2001). 
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Importantly for us, in a suppressor screen of the dominant axr3/iaa17-1 mutant, the 

strongest intramolecular suppressor turned out to correspond to a deletion of half of 

domain IV of the protein (Rouse et. al., 1998). Since domain IV is also involved in 

dimerization of Aux/IAA proteins and conserved across the whole family (Figure 35), we 

speculated that, if domain IV of a stabilized Aux/IAA protein is partially disrupted, the 

ability of this protein to interact with other Aux/IAA proteins and with ARFs would be 

reduced, reversing the increased transcriptional repression activity of domain II dominant 

mutations in these Aux/IAA genes. To test this possibility, four constructs were made by 

mutating the second proline to serine in the core sequence GWPPV of domain II 

(depicted from now on as “M2” mutations) and then replacing 22 amino acids (Table 5) 

in conserved domain IV by Typet (indicated as “M2R4-Typet” mutations) in IAA4, IAA5, 

IAA19 and IAA26 (Figure 36 A). 
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Figure 35. Protein alignement of domain IV of Aux/IAA proteins. The multialignment was generated by ClusterW and the image was 
acquired using Java view. Amino acids of predicted domain IV and part of domain III were included.  Box in the figure displays 22 amino 
acids which are conserved in domain IV across Aux/IAA family and were targeted in R4-Typet mutations. 
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Strong fluorescence could be detected from the IAA4M2R4-Typet, IAA19 M2R4-Typet, 

and IAA26M2R4-Typet transgenic lines (Figure 36 E-G). For the IAA5M2R4-TYpet lines, 

fluorescence could only be detected after auxin treatment (Figure 37 A-B). The 

expression pattern of IAA4, 19 and 26M2R4-Typet constructs are consistent with 

reconstructed spatiotemporal gene expression data (Cartwright et. al., 2009) and both 

IAA19M2R4-Typet and IAA5M2R4-Typet can be induced by auxin treatment in a similar 

manner as the corresponding endogenous gene (Figure 37C). These results clearly 

indicate recombineering-mediated tagging system can be used to explore expression 

pattern of the low-expressed and short-lived Aux/IAAs proteins. Although these proteins 

can only be tagged in their mutated form, which may not reflect the authentic 

accumulation pattern, the fact that targeted GOI is regulated in its full genomic context 

makes this approach probably the best practical way to examine the expression of 

Aux/IAA family and their response to auxin.  
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A 

   
B (IAA4) C  (IAA19) D  (IAA26) 

   
E (IAA4M2R4-Typet) F (IAA19M2R4-Typet) G (IAA26M2R4-Typet) 

Figure 36. Tagging of dominant Aux/IAA mutants with part of domain IV replaced by 
Typet. (A) Structure of the constructs. The second proline in conserved domain II was 
mutated to serine and Typet was introduced within domain IV to replace 22 amino acids 
conserved across the Aux/IAA family (Table 5). (B-D) Predicted expression pattern of 
IAA4, IAA19 and IAA26 in Arabidopsis root. The images were generated with 
Deconvolved Root Expression Map Visualizer (Cartwright et. al., 2009).  (E-G) 
Fluorescent microscopy images of IAA4M2R4-Typet, IAA19 M2R4-Typet and IAA26 
M2R4-Typet roots. Images were taken from representative T2 seedlings. 
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A (IAA5M2R4-Typet) B (IAA5M2R4-Typet+ 3h auxin treatment) 
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Figure 37. Induction of IAAM2R4-Typet expression by auxin treatment. (A-B) 
Fluorescent microscope image of IAA5M2R4-Typet expression at the hypocotyl-root 
junction before and after 3h auxin treatment. (C) Real-time PCR results of 
auxin-induced IAA19M2R4-Typet (1h treatment) and IAA5M2R4-Typet (1h and 3h 
treatment). For both endogenous gene and transgene, fold change was determined by 
comparing expression level in pooled IAAM2R4-Typet T2 seedlings treated with 0.1μM 
IAA and 0.1% ethanol for the same amount of time (1h or 3h). A housekeeping gene 
AT5g22440 was used for normalization. Three biological replicates (3 independent T2 
seedling pools) were performed. Average and standard errors of the fold changes are 
shown in the figure. The names of constructs and corresponding treatment are 
displayed on the bottom panels. 

 
Subcellular localization of Aux/IAA proteins  

Nuclear-localization sequences (NLS) have been found at the end of the conserved 

domain IV of Aux/IAA proteins (Abel et. al.1994). A small basic patch containing at least 
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one Lys residue and often directly in front of an Arginine located between domain I and II 

has also been shown to be part of a bipartite NLS (Dreher et. al., 2006). The nuclear 

localization of Aux/IAA proteins has been experimentally verified by cDNA fusions with 

GFP (Abel et. al., 1994; 1995; Tiwari et. al., 2001; Dreher et. al., 2006; Muto et. al., 

2007). However, in all these studies the fusion proteins were driven by 35S promoter, and 

therefore, the observed localization may or may not accurately reflect that of the 

endogenous protein. Due to the low expression level and rapid turn-over, no studies have 

reported the localization of “wildtype” Aux/IAA proteins using translational fusion driven 

by native promoter except that of slr/iaa14 that under the control of IAA14 promoter was 

shown to localize in the nucleus (Fukaki el. al., 2005).  

Our M2R4-Typet constructs provide a robust way to examine the expression pattern of the 

Aux/IAA genes and subcellular localization of corresponding tagged proteins. As shown in 

Figure 38, IAA4M2R4-Typet is expressed in root cap, quiescent center and vasculature 

cells; IAA26M2R4-Typet is expressed in vasculature cells; IAA5M2R4-Typet is expressed 

at hypocotyl-root junction and also in root epidermis cells; finally IAA19M2R4-Typet is 

expressed at pericycle cells, which is consistent with previous studies (Tatematsu et. al., 

2004).  

Furthermore, our results also suggest that IAA4, IAA5 and IAA19 are nuclear localized, 

as it was expected form the predictions (Figure 38, Figure 39). The subcellular 

localization of IAA26M2R4-Typet was difficult to asses due to the expression of this 

gene in the vasculature tissues where cells are very small in size and far from the root 

surface, what makes it difficult to image with the confocal. In summary, the strategy of 

tagging the Aux/IAA gene family by mutating domain II and replacing part of domain IV 

worked efficiently and reliably, and was possibly the best way to determine the 
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expression pattern and subcellular localization of the Aux/IAAs. Hence, the same strategy 

was employed for tagging the rest of the Aux/IAA family members except that Sypet 

instead of Typet was used (Table 5). Four Aux/IAAs, IAA20, IAA30, IAA33 and IAA34 

were not included in these experiments because they do not show a conserved domain II. 

The information provided by this type of fusion protein would dramatically improve our 

understanding of the spatial-temporal expression pattern of Aux/IAA gene family and the 

sub-cellular localization of corresponding protein products. Combination of this 

information with precise maps of auxin response levels (readily obtainable using 

DR5-GFP lines) and detailed spatial-temporal expression of the ARF-GFP (constructs 

already made) will be fundamental in better understanding the molecular mechanism of 

auxin response. 
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A (IAA4M2R4-Typet) B (IAA26M2R4-Typet) 

 
C (IAA5M2R4-Typet) 

 
D (IAA5M2R4-Typet) 

 
E (IAA19M2R4-Typet) 

Figure 38. Confocal images showing expression of IAA-M2R4-Typet constructs. A-B: 
Expression of IAA4M2R4-Typet and IAA26M2R4-Typet in Arabidopsis roots. Propidium 
iodide staining (in red, showing the cell wall) and Ypet fluorescence (in green) were 
combined. C-D: Expression of IAA5M2R4-Typet in the hypocotyl-root junction and root 
respectively. E: Root expression of IAA19M2R4-Typet.  

root 

hypocotyl 
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A (IAA4M2R4-Typet) B (IAA5M2R4-Typet) 

 

 

C (IAA19M2R4-Typet)  
Figure 39. Confocal images showing the expression of IAA4M2R4-Typet. A: 
IAA5M2R4-Typet. B:IAA19M2R4-Typet. C: in Arabipdosis roots. DIC images and Typet 
fluorescent images were combined by selecting the DIC images as the background. 

Expression of Aux/IAA genes in the lateral root initiation site 

It has been shown that auxin acts as a local morphogenetic trigger and its local 

accumulation in root pericycle cells is a necessary and sufficient signal to respecify these 

cells into lateral root founder cells (Dubrovsky et. al., 2008). Although still incomplete, 

the molecular pathways by which auxin triggers lateral root formation has been elucidated 

and many of the signal transduction components that mediate auxin-regulated lateral root 

initiation have been identified and characterized. Gain-of-function slr-1/iaa14 mutant 
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(Fukaki el. al., 2005) does not form lateral root as a result of pericycle founder cells 

failing to undergo formative divisions. On the other hand, the loss-of-function iaa14-1 

(Okushima et. al., 2005) mutant has no obvious phenotype, suggesting that other 

members of Aux/IAA gene family might also be involved. The gain-of-function mutants 

iaa1/axr5 (Yang et. al., 2005), shy2-2/iaa3 (Tian et. al., 1999), iaa28-1 (Rogg et. al., 

2001), and iaa19/msg2 (Tatematsu et. al., 2004) are all impaired in lateral root 

development, however none of these mutants can block lateral root initiation completely. 

We observed that IAA26M2R4-Typet (Figure 40) and IAA4M2R4-Typet (Figure 41) are 

also expressed at lateral root initiation sites suggesting a possible role for these genes in 

this important auxin regulated process. Moreover, IAA4M2R4-Typet is consistently 

expressed during all the stages of lateral root development including initiation, patterning 

and emergence, activation of new meristem and elongation of new root (Figure 41). Once 

again, these results demonstrate that gene expression and protein subcellular localization 

information provided by recombineering-based gene tagging can substantially enhance 

our understanding of how these proteins are involved in auxin-mediated processes and 

how they regulate numerous aspects of growth and development in Arabidopsis. 

 

 

 



 109

  
A B 

  
C D 

Figure 40. Expression of IAA26M2R4-Typet at the lateral root initiation sites. Fluorescent 
microscopy images at different stages of the lateral root development are shown (A-D, 
younger stages to old stages). 
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Figure 41. Expression of IAA4M2R4-Typet during lateral root development. Fluorescent 
microscopy images of lateral roots at different developmental stages are shown (A-H, 
younger stages to old stages). 
 
MATERIALS AND METHODS 

Reporter gene constructs 

IAAM2-GFP constructs were made by introducing a single amino acid change in domain 

II of IAA-GFP constructs (Table 5). IAA1M2-GFP, IAA12M2-GFP, IAA14M2-GFP, 

IAA3M2-GFP and IAA2M2-GFP were generated by oligonucleotide-mediated 

homologous recombination to substitute a proline with serine (70-mer oligo sequences are 
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listed in Table 7). To achieve the highest recombination efficiency, oligos were designed 

to form four mismatch base pairs when bonding the target sequence with the priority of 

C.C>T.T, T.C, A.G>A.C, A.A, G.G, G.T. The actual sequence changes made in each case 

are listed below: IAA12, CCACCA→AGCCCT; IAA1, CCTCCA→CCGAGC; IAA14, 

CCACCG→CCCAGT; IAA3, CCACCA→CCCAGC; IAA2, CCACCA→CCCAGC. The 

recombinants were identified by PCR with primer pair RECTEST-F/OUTTEST-R or 

RECTEST-R/OUTTEST-F and the mutations were confirmed by DNA sequencing with 

PCR products generated with primer pair OUTTEST-F/OUTTEST-R (Table 7). The rest 

of IAAM2-GFP constructs were made by recombination with galK selection. The first 

recombination was conducted using the galK universal cassette. The 69-mer forward 

oligos (MGAL-F, Table 8) include (5’-3’): 50 bp homologous to the sequence upstream 

the second proline codon, a single nucleotide T and the 18 bp homology to linker G 

sequence. The 74-mer reverse oligos (MGAL-R, Table 8) include (5’-3’) 50 bp 

homologous to the sequence downstream the first nucleotide in the codon of the second 

proline, and 24 bp of homology to linker A. The galK insertions were tested with primer 

pairs MUTTEST-F/MUTTEST-R (Table 8). The second recombination (removing galK 

insertion) was conducted with the PCR product amplified using MUTTEST-F/MUT-R 

primer pairs (Table 8) and Arabidopsis Columbia genomic DNA as template. 60-mer long 

oligos MUT-R are composed by (5’-3’): 9 bp homologous to sequence upstream the 

codon of the second proline, a single nucleotide A and 50 bp downstream the first 

nucleotide in the second proline codon. Removal of galK was tested with PCR using 

MUTTEST-F/MUTTEST-R pair and mutations were confirmed by DNA sequencing.  

The IREScp-GAL4 construct was obtained from Genomic Sciences Center, Saitama, Japan. 

GFP was subcloned in frame before the IREScp and the upstream Linker G, downstream 
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Linker A were added to this tag. GFP- IREScp-CAL4 cassette amplified with REC_F and 

REC_R primers (Table 4) were used to replace galK inserted at the C-terminal of the 

selected genes using recombination system. The GFP-IREScp-GAL4-tagged JAtY clones 

were then used to transform hemizygote UAS:GUS lines.  

The IAAs-M2R4-Sypet (Table 5) and IAAs-M2R4-Typet constructs were made in two 

consecutive steps. In first step, mutations of domain II in original TACs containing target 

gene were generated either with oligonucleotide-mediated homologous recombination 

(Table 7) or recombination with galK selection (Table 8). In second step, 66 nucleotides 

in domain IV (Table 5) were replaced by the Typet or Sypet cassette through 

recombination with galK selection. galK, Sypet and Typet cassettes were amplified using 

R4-F and R4-R oligos (Table 9). R4-F oligos contain 50 bp homologous to the sequence 

upstream deletion region and 18 bp of homology to linker G. R4-F oligos are composed 

by 50 bp homologous to the sequence downstream deletion region and 24 bp of homology 

to linker A. The positive colonies were confirmed by PCR using primers D4-TF and 

D4-TR (Table 9). For IAA-M2R4-Sypet constructs, DNA fragments were amplified and 

sequenced using primers D4-TF and D4-TR. For IAA-M2R4-Typet constructs, DNA 

fragments were amplified with primers D4-TF and D4-TR and sequenced with D4-TF, 

D4-TR, Typet-seq-F1 (5’-AGCTATGTCTAAGGGTGAAGAACTC-3’), Typet-seq-F2 

(5’- CTGCTGCTGCTGCAGCTATGAGC-3’), Typet-seq-R1 

(5’-TCACCTTCACCCTCTCCGCTAACT-3’), and Typet-seq-R2 

(5’-CACCCTCGCCTTCTCCACTCACAG-3’) primers. 

Real-time RT-PCR 

Plates with seeds were stratified for 2 days at 4°C in the dark, exposed to light for 1 hour 

at room temperature and then incubated for 3 d in the dark at 22°C. For the auxin 
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experiments, plates with 3-day-old etiolated seedlings were opened under safe green light 

(Kodak green filter KOFSLl3810/1521632) and sprayed with 1 µM IAA in a 0.01% 

ethanol solution or with 0.01% ethanol alone. Seedlings were then incubated for an 

additional 1 hour or 3 hours at 22°C in the dark. 

Total RNA was extracted following acid guanidinium thiocyanate-phenol-chloroform 

extraction (Chomczynski et. al., 1987). 400 ng of each RNA sample were reverse 

transcribed in a 20 µl volume using TagMan reverse transcription reagents (Applied 

Biosystems, CA) according to the manufacturer's recommendations.  

Intron-spanning forward primers were designed to avoid co-amplification of genomic 

DNA. For the RT-PCR analysis of IAAs-GFP expression, the PCR primers RT-F and 

RT-R (Table 10) were used to amplify both transgenes and endogenous genes. The PCR 

primers RT-F and GFPRNATR-1 (5’-TTGTGCCCATTAACATCACC-3’) were used to 

amplify transgenes. For anxin-induced expresson of IAA5-GFP and IAAs-M2R4Typet, 

real-time PCR was performed using an ABI 7900 System (Applied-Biosystems, CA) in 

the presence of SYBR-green according to the manufacturer’s recommendations. All 

reactions were repeated 3 times and the median Ct values were used for further analysis. 

A housekeeping gene, At5g44200, encoding nuclear cap binding protein, CBP20, was 

employed as an internal control (At5g44200F: 5'-AATCGCCATGGAAGAGGAGA-3' 

and At5g44200R: 5'-GAATCGTGGGTTCTTCTCCG-3'). The fold change of transgene 

and endogenous gene before and after auxin treatment was calculated with equation: 

2^ΔCtgene/2^ΔCtcontrol and ΔCt= Ctauxin-Ctmock (Livak et. al., 2001). Experiments were 

carried out for three independently prepared total RNA samples. The induction by auxin 

of IAA5-GFP construct was examined using the same primers as for RT-PCR. For 

IAA5M2R4-Typet, primers 5’- CGGATGCTATATCAATTTTGATGA -3’and 5’- 
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TGTAAGGCTCACTCACATTCAC -3’ were used to amplify endogenous gene, whereas 

primers 5’- CGGATGCTATATCAATTTTGATGA -3’ and 

5’-TTTCCGTAAGTAGCATCACC-3’ were used to amplify transgene. For 

IAA19M2R4-Typet, primers 5’- GTTTCCGTGGCATCGGTG -3’and 5’- 

TTAAATTAATGAACCAGCTCCTTG -3’ were used to amplify endogenous gene, 

whereas primers 5’- GTTTCCGTGGCATCGGTG -3’ and 

5’-TTTCCGTAAGTAGCATCACC-3’ were used to amplify transgene. 

Microscopy 

Fluorescence was imaged with a LSM 710 confocal workstation (Carl Zeiss 

MicroImaging Inc, Germany). GFP was excited at the 488 nm and propidium iodide was 

excited at the 543 nm. Emission signals were detected at 500 to 530 nm for GFP and 

>560 nm for propidium iodide by sequential scanning.  

For GUS staining, seedling were fixed with ice-cold 90% acetone and then stained for 

GUS activity by incubation in X-Gluc substrate solution containing 20 mg/ml 

X-Gluc,12.5 mM K3Fe(CN)6, 12.5 mM K4Fe(CN)6, 10% Triton X-100 and 50 mM 

NaH2PO4 (pH7.0) at 37°C for 16 h. GUS staining was then examined with Zeiss 

Axioplan (Carl Zeiss MicroImaging Inc, Germany) and images were acquired by SPOT 

Insight™ (SPOT™ Imaging Solutions, MI).  



 115

Table 7. Primers used for generating IAA dominant mutations by oligonucleotide-mediated homologous recombination.  
NAME RECOMBINATION OLIGO RECTEST-F RECTEST-R OUTTEST-F OUTTEST-R 

IAA12 ACCAAACTGTTCATCCTGTGTAACCCAATAGGGCTCCATCCTA
CCACTTGACTGCCACAACAAACCAAGA 

CAGTCAAGTGGTAG
GATGGAGC 

CCTGTGTAACCCA
ATAGGGCT 

TCTTCCTCTCACCA
AGGAGC 

AACATCTCCAACA
AGCATCC 

IAA1 TTTGTTGTTGTTGTTCTTACGGTTAGATCTCACGCTCGGCCATC
CAACGATTTGTGTTCTGAAGTTTACA 

AAATCGTTGGATGG
CCGAGC 

TACGGTTAGATCT
CACGCTC 

CACCAATGGGCTT
AACCTTA 

GAATTTGTTTTTGC
CTCGAC 

IAA14 ATTAGCCATAACATTTTTCCGGTAGTTCCTCACACTGGGCCAA
CCCACCACTTGTGCTCTGCATAGAATA 

AAGTGGTGGGTTGG
CCCAGT 

TCCGGTAGTTCCTC
ACACTG 

GACCCTTCTAAGC
CTCCTGC 

CCATCACTTTACTC
TCGTTCA 

IAA3 ACTCTGAATGTTGTTCTTCCTGTAAGATCTAACGCTGGGCCAT
CCAACAATCTGAGCCCTGCAAAAAGGA 

AGATTGTTGGATGG
CCCAGC 

TCCTGTAAGATCT
AACGCTG 

AGAGCTGAGGCTG
GGATTAC 

CCTGCAACAACAA
ACAGAACC 

IAA2 CACACTGTTGTTGTTCTTACGGGAAGATCTCACGCTGGGCCAA
CCAACGATTTGAGTTCTGTAAATTTGA 

AAATCGTTGGTTGG
CCCAGC 

TACGGGAAGATCT
CACGCTG 

AAAGCAATGGCGT
ACGAGAA 

ACTCCGATCCGAAT
CAAACC 
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Table 8. Primers used for generating IAA dominant mutations by homologous recombination using galK selection. 
GENE MGAL-F MGAL-R MUT-R MUTTEST-F MUTTEST-R SEQ-F 

IAA7 

CCTATCTAAATAATGTTGTTCTA
TGTAGAGCACAAGTGGTGGGAT
GGCCATGGAGGTGGAGGTGGAG
CT 

ACTACTGGTCTTCTGCTGAGTCA
TCATGTTCTTCCTGTAGTTCCTC
ACAGGGCCCCAGCGGCCGCAGC
AGCACC 

ACTACTGGTCTTCTGCTGAGT
CATCATGTTCTTCCTGTAGTT
CCTCACAGATGGCCATCC 

CCAATACAT
ACATGCGTA
CAAGC 

GGCCAATGC
ATCAGAAAG
AT 

TGCATAA
CTTTGATT
CTTTGAA
GT 

IAA8 

GTGGTAATCTGTGTCTATTGTTT
TGCAGGGCACAGGTTGTTGGTT
GGCCTTGGAGGTGGAGGTGGAG
CT 

GTTCTTCGAAGTAGAAGAAGCC
ATTGTATTCTTCCGGTATGATCT
GATTGGGCCCCAGCGGCCGCAG
CAGCACC 

GTTCTTCGAAGTAGAAGAAG
CCATTGTATTCTTCCGGTATG
ATCTGATTGAAGGCCAACC 

CTCATGCTA
AGGGTGGCT
TG 

AGGGTGAAG
CAGCTGAAC
AT 

TTGCTGA
CACTTGG
GATGAG 

IAA9 

GTGTTTTTTCGGATTCTGGAATT
TTCAGGGCACAAATTGTCGGTT
GGCCTTGGAGGTGGAGGTGGAG
CT 

ACTGTTCTTACAAGTAGTGGCC
AATGTGTTCTTCCTGTAGGATCT
CACTGGGCCCCAGCGGCCGCAG
CAGCACC 

ACTGTTCTTACAAGTAGTGGC
CAATGTGTTCTTCCTGTAGGA
TCTCACTGAAGGCCAACC 

TGCCACAAA
ACATACCCA
AA 

CTGAAGAAA
GCTCCCCGT
AG 

AGAACAA
TGCATCG
GGAAAC 

IAA10 

GATTTAATATCTTTTGGTAATGG
AGCAGACAAGTTGCTGTAGGTT
GGCCGTGGAGGTGGAGGTGGAG
CT 

TAAAGACTTTGCTTGATTGACC
AAACTGTTGATTCTGTAAGTCC
GTAGAGGGCCCCAGCGGCCGCA
GCAGCACC 

TAAAGACTTTGCTTGATTGAC
CAAACTGTTGATTCTGTAAGT
CCGTAGAGACGGCCAACC 

CAGAATCAA
AGCAACTTA
GAGGA 

CTCCGTCCA
TTGTCACCTT
C 

TCTCTGA
CCAGGGA
AAGTGG 

IAA11 

TTGAGCAATTTGAAACCTTTGA
AAATGGCAGGCAAGTTGTGGGA
TGGCCATGGAGGTGGAGGTGGA
GCT 

TGAAGCCTTAGCTTGGTTAACC
ATACTGTTCATTCTGTAAGTCCT
TATTGGGCCCCAGCGGCCGCAG
CAGCACC 

TGAAGCCTTAGCTTGGTTAAC
CATACTGTTCATTCTGTAAGT
CCTTATTGATGGCCATCC 

CCTGTATAG
TGATTCTCTT
GGTATCTG 

CCTTCCAAT
AGGAATGCC
ATC 

GAAAAGA
TTCGACC
TTTGTTAC
G 

IAA13 

CCTGACTTGATGTTTGCTTTGTT
TGTAGCAGTCAAGTTGTTGGAT
GGCCTTGGAGGTGGAGGTGGAG
CT 

CTTTGTAGCTTGGTTATTAACCA
AACTGTTCATCCTGTGTGACCCT
ATAGGGCCCCAGCGGCCGCAGC
AGCACC 

CTTTGTAGCTTGGTTATTAAC
CAAACTGTTCATCCTGTGTGA
CCCTATAGAAGGCCATCC 

CTCTGAACA
TAGTTCGTTT
AGGAGT 

AGCAACTCC
ATCCATGTT
CAC 

TGGTTCT
AAACGTG
CTGCTG 

IAA15 

TGATCTTCTTAATTTATTGTGGT
TTTAGTGACCAGTTGGTGGGCT
GGCCGTGGAGGTGGAGGTGGAG
CT 

CGCCACTTTCACGTATTTCCGCC
TCACTGTTTTCCTCGCTGTCGCT
ACCGGGCCCCAGCGGCCGCAGC
AGCACC 

CGCCACTTTCACGTATTTCCG
CCTCACTGTTTTCCTCGCTGT
CGCTACCGACGGCCAGCC 

GGGAAGCAC
ACGAGAACA
AT 

TTCTAGAGC
GGTGAAAAG
CTG 

TTGGAGG
AACTGAG
CTGACC 

IAA16 

AAAAAAAAAAATCATTACGAAA
TTTCAGGGCACAAGTTGTGGGA
TGGCCATGGAGGTGGAGGTGGA
GCT 

GGTGGTCGGTTTTTGGCCGGAC
ATGACGTTCTTGCGGAAAGATC
GTACCGGGCCCCAGCGGCCGCA
GCAGCACC 

GGTGGTCGGTTTTTGGCCGG
ACATGACGTTCTTGCGGAAA
GATCGTACCGATGGCCATCC 

CAACCACCT
AACATCCGA
CA 

CGTCCATGC
TAACCTTCA
CA 

TTTGGTTT
TGCTCCA
TGTTTC 
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Table 8 (Continued) 

IAA17 

CGTTTTTCCGTTTTAAAAAAAAT
ATAGGGCACAAGTTGTGGGATG
GCCATGGAGGTGGAGGTGGAGC
T 

GCTTGATTTTTGGCAGGAAACC
ATCACGTTCTTCCGGTATGATCT
CACCGGGCCCCAGCGGCCGCAG
CAGCACC 

GCTTGATTTTTGGCAGGAAA
CCATCACGTTCTTCCGGTATG
ATCTCACCGATGGCCATCC 

CTCTTCTTAA
ATCGTCCAA
TGTC 

GCATTAGAA
AGCTCATCG
TAGC 

CATTTTTG
TAAAGGT
GACTGCA
A 

IAA27 

TTGATGTTTTTTTTTTTTGATTGA
GCAGAGCACAAGTGGTGGGATG
GCCATGGAGGTGGAGGTGGAGC
T 

TTTCTGAGATTGAGAAGAAGCC
ATTGAGTTCTTCCTGAATGATCT
TATTGGGCCCCAGCGGCCGCAG
CAGCACC 

TTTCTGAGATTGAGAAGAAG
CCATTGAGTTCTTCCTGAATG
ATCTTATTGATGGCCATCC 

TGCTACAGC
TCCAGCTTC
AA 

AAGGAGCAC
CTTCCATAC
TCA 

AGGTGCC
AAAAGGG
TGTTCT 

IAA28 

CTAGATATGGCTAAAACAGGGT
TGAGGTAGCTCCAGTGGTGGGA
TGGCCGTGGAGGTGGAGGTGGA
GCT 

CATCTCCTCCTTTAGTTGTGCCG
TTAGGTTTCTCCGGGATGATCTC
ACCGGGCCCCAGCGGCCGCAGC
AGCACC 

CATCTCCTCCTTTAGTTGTGC
CGTTAGGTTTCTCCGGGATGA
TCTCACCGACGGCCATCC 

CTGGTAATT
CTACAGTTT
TCGGAGA 

GGCATGTGA
AAGCTGTTG
G 

AGCTCGA
CCAAAGA
AACATCA 

IAA29 

TTTTAATATTTAGTGATGAGGA
GGAAAATAGCGAAGTTGTTGGA
TGGCCATGGAGGTGGAGGTGGA
GCT 

AATATGACGATGATGATAACTA
CCATACTTTATCATACATGTTTT
TACTGGGCCCCAGCGGCCGCAG
CAGCACC 

AATATGACGATGATGATAAC
TACCATACTTTATCATACATG
TTTTTACTGATGGCCATCC 

CAATAGTTT
ACGAGTGAG
TACCTTGAC 

GATCCCACA
GTAGCCGTT
GT 

TTTGGGT
TAGGGAA
TGTGGA 

IAA31 

TGTGTTTTAAATCTTTATTTTTTT
GTAGAGAAGCAAGACAAGATTG
GCCATGGAGGTGGAGGTGGAGC
T 

ACGAAGAAGACGACGACCCTTT
AGTGTATCTCTTAATCTAGACTT
TATCGGGCCCCAGCGGCCGCAG
CAGCACC 

ACGAAGAAGACGACGACCCT
TTAGTGTATCTCTTAATCTAG
ACTTTATCGATGGCCAATC 

CACATTTCC
TTCTACTTCT
CCACA 

AATAGACTC
TCGTAGCCT
GAGAAT 

GCTCTGC
AGCTTCA
AGGTCT 

IAA32* 

TCAATATCTATATGTGAATCAA
AGTGATAGGTCTCGACGGGTAT
GGAGAGGGAGGTGGAGGTGGA
GCT 

TGGTGTCCAGTGTCCTCACTCTT
CAACTGTGTAATGCTGTTATAG
CTGGGGGCCCCAGCGGCCGCAG
CAGCACC 

TGGTGTCCAGTGTCCTCACTC
TTCAACTGTGTAATGCTGTTA
TAGCTGGGCTCTCCATACCCG
TCGAG 

AATAGCCGT
GCTTTCACC
TC 

GCCATCCAG
ATTTACCTTT
ACG 

AGTTGAG
ATGTGAC
TTTGTGC 

IAA5 

TTGATTTGAAATGTGAACCGGC
GAAAAAGAGTCAAGTTGTGGGT
TGGCCATGGAGGTGGAGGTGGA
GCT 

CGAACTTTTGGTCCGTTCGAGA
CTGTTCTTTCTCCGGTACGAACA
AACCGGGCCCCAGCGGCCGCAG
CAGCACC 

CGAACTTTTGGTCCGTTCGAG
ACTGTTCTTTCTCCGGTACGA
ACAAACCGATGGCCAACC 

TAATCTTGG
ACTCGAAAT
CACC 

AATCCTTAA
CCTCTTGCA
CG 

- 

IAA6 

TTGAAGATGAATCACTGCCGGT
TGTGAAGAGTCAAGCGGTGGGA
TGGCCATGGAGGTGGAGGTGGA
GCT 

AGCTTTCGATGCTTCCTCATTGT
TCTTCTTTCTCCTGTAAGAACAC
ACAGGGCCCCAGCGGCCGCAGC
AGCACC 

AGCTTTCGATGCTTCCTCATT
GTTCTTCTTTCTCCTGTAAGA
ACACACAGATGGCCATCC 

TAGCGAAAT
ATCAGTATG
CG 

CTAACCTAT
GCCAAGACA
GC 

TTCCAAC
AAGAGAA
GTGCTTG
A 

IAA4 

CTAATCTATGCTATTTCTTGTTT
TATAGGGCTCAGATTGTTGGAT
GGCCATGGAGGTGGAGGTGGAG
CT 

AGATTCACTCTTCTTTGTCTGAA
CATTGTTCTTTCTGTAAGATCTA
ACTGGGCCCCAGCGGCCGCAGC
AGCACC 

AGATTCACTCTTCTTTGTCTG
AACATTGTTCTTTCTGTAAGA
TCTAACTGATGGCCATCC 

GAGATTGGG
ATTACCAGG
GA 

TCCTTTCATG
ATCCTTAGC
C 

- 
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Table 8 (Continued) 

IAA19 

AGAAGGTTAATGATTCGCCGGC
GGCGAAAAGCCAGGTGGTGGG
GTGGCCATGGAGGTGGAGGTGG
AGCT 

CGTGGTCGAAGCTTCCTTACAG
CTGTTTTTCTTCCGGTAAGAACA
AACCGGGCCCCAGCGGCCGCAG
CAGCACC 

CGTGGTCGAAGCTTCCTTACA
GCTGTTTTTCTTCCGGTAAGA
ACAAACCGATGGCCACCC 

CAAGAAATG
GAGAAGGAA
GG 

TAACCGATG
CCACGGAAA
CC 

- 

IAA26 

TTTGATATCTGGTTCAAAGAACT
GCTCCTGGTCCAGTGGTGGGTT
GGCCTTGGAGGTGGAGGTGGAG
CT 

TAGCTTTGAAGAGCTTGTGCTC
GCTAGATTCTTTCTGAACGAAC
GAACCGGGCCCCAGCGGCCGCA
GCAGCACC 

TAGCTTTGAAGAGCTTGTGCT
CGCTAGATTCTTTCTGAACGA
ACGAACCGAAGGCCAACC 

ATTAGGGAC
CCATCTTCT
GC 

CCTTTCCCA
TCTAATAAT
CC 

- 

*: IAA32M2 mutant was generated by deleting 6 amino acids of domain II by recombinnering. In the first recombination, galK cassette 
amplified with MGAL-F and MGAL-R was used to replace coding region of 6 amino acids targeted for deletion. 68-mer forward prime 
MGAL-F includes 50 bp of homology to sequence upstream the deletion site and 18 bp homologous to link G. downstream The 74-mer 
reverse prime MGAL-R  includes 50 bp of homology to sequence downstream the deletion site and 24 bp homologous to link A. In the 
second recombination, the galK cassette was deleted with the PCR product amplified using MUTTEST-F/MUT-R primer pairs and 
Arabidopsis Columbia genomic DNA as template. 68-mer long oligo MUT-R is composed by 50 bp homologous to sequence downstream 
the deletion site and 18 bp homologous the sequence upstream the deletion site.  
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Table 9. Primers used for replacing part of domain IV with Sypet or Typet. 
Name R4 -F R4-R R4T-F R4-R 

IAA1 TCAAGTTCACAGTAGGTGAATATTCCGAGAGAGAA
GGCTACAAAGGATCTGGAGGTGGAGGTGGAGCT 

GCTTCGGATCCTTTCATGATTCTGAGTTTTTGACAAGATG
AAGAGAACATGGCCCCAGCGGCCGCAGCAGCACC 

TGGACGGAGCTC
CATATCTC 

TTGCTTTTTCTTT
CTTTACACCA 

IAA2 TCAAAGTCATGATTGGTGAATATTGTGAGAGAGAAG
GATACAAAGGATCTGGAGGTGGAGGTGGAGCT 

GCGTCGGATCCCTTCATGATTCTGAGTCTCTTACAAGAA
GAAGAGAACATGGCCCCAGCGGCCGCAGCAGCACC 

CAACAACAGTGT
GAGCTACGTG 

TCCGAATCAAAC
CAAAAAGG 

IAA3 TGTTCAAATTCTCTGTGGGAGAGTACTTTGAGAGAG
ATGGATATAAAGGTGGAGGTGGAGGTGGAGCT 

TGATTTTGTGGAAATTGTTTTCAGACAGGTATATGAAAG
AAGACTTACTCGGCCCCAGCGGCCGCAGCAGCACC 

GCATGAGGGTCA
AGGAATCT 

CCTTTGGCTTCTG
ATCCTTTC 

IAA7 GAATGATAGATTTCATGAACGAGAGCAAGCTAATG
AATCTGCTGAATAGCGGAGGTGGAGGTGGAGCT 

GTTATAAGTTATAAAAAAAAGTATATGAAACGATTAAAT
TTGACTCACTCGGCCCCAGCGGCCGCAGCAGCACC 

CAAAACTCATGA
ACCTTACCG 

CCTCTTGTCTCTT
GCCAACC 

IAA8 AAGGGAGGGAAAGAATGAGCGAGATTAAACTGAAG
GATCTTCTTCATGGAGGAGGTGGAGGTGGAGCT 

GAAACAAAACCACAGTTATTAAAGCTGAGAGTTCCAAA
AGAAGCTTACTCGGCCCCAGCGGCCGCAGCAGCACC 

GCTTCACCCTTGG
TGAGAAT 

CAGATTAGGGGG
AAAGATGTTGG 

IAA9 CTGGGAAGGATATGCTTAGTGAGACCAAGCTCAAG
GATCTTTTGAATGGAGGAGGTGGAGGTGGAGCT 

AGTAGAGAAAGCTTCTAACAAGTTTTGAATATAAGAGA
GGAAACTTACTCGGCCCCAGCGGCCGCAGCAGCACC 

GAGCTTTCTTCAG
CCTTGGA 

CTTCAGCTTCTTG
CAGACATC 

IAA10 GATACAAGACAATTAAGGAAACATGTACTTCGAAA
TTACTGGATGGCTCAGGAGGTGGAGGTGGAGCT 

ATTACAAATACAGATGATGAATGGGAAGTTATAAGGGT
AGTCACTTACTGGGCCCCAGCGGCCGCAGCAGCACC 

GATTCCTTCTCCT
GTAACAAGTCA 

CCAGCTCCAATTG
ATGTCTTC 

IAA11 AAACCGATGGTCACATGGAAACACCGGTCAAGATA
CTACCAGATGGGTCTGGAGGTGGAGGTGGAGCT 

CTTACACGGGACAAAGCATCAAAAGCATAAGAACATAT
GTATGCATACCCGGCCCCAGCGGCCGCAGCAGCACC 

GTGCTTTTCGAAT
CTCATGG 

CCAGTAGCCTCC
GATGTTTT 

IAA12 GTACTACTTGTCGAGAAAAGGTTAAACCTTTAAGGC
TTTTAGATGGATCAGGAGGTGGAGGTGGAGCT 

TAATCAGGTTTTGAACTACTGCAATACTGCTTAATATCC
GAATCTTACCTGGCCCCAGCGGCCGCAGCAGCACC 

GAAATGTTCTTTG
GAATGACAGG 

CGAGAAATCAAG
AAACCAGAAGA 

IAA13 TCGGGTTAACCAGTCAGTTCACTAAACCGTTGAGGC
TTTTAGATGGATCGGGAGGTGGAGGTGGAGCT 

TTATTGGAAGTGTAAGAGATAAATAAACAAGGTTTTTAG
ATCTATTACCTGGCCCCAGCGGCCGCAGCAGCACC 

GTGAACATGGAT
GGAGTTGC 

ACCGAGTCCATT
AGCTTCAG 

IAA14 GGATGATAGATTTCATGAACGAGAGTAAAGTGATG
GATCTGTTGAACAGTGGAGGTGGAGGTGGAGCT 

AATAATTTTGGTCATAATAATGAAAGCAAGAAGAATGA
GGAAACTCACGGGGCCCCAGCGGCCGCAGCAGCACC 

CCATGGGTATGC
ATTTTCAG 

AAGATGGCTGTG
CGTGTTTA 

IAA15 ACTTGGGGTTTTGGATGGTGGTAGGTAGAGTGACAG
AGTTGGAGAGGAAGGGAGGTGGAGGTGGAGCT 

AAGGAAAAGTACGTAAAAGCAACACAAAGGGTAATTCC
GAGAACTCACATGGCCCCAGCGGCCGCAGCAGCACC 

GACAGCTTTTCAC
CGCTCTA 

TTCCTTCACAGCA
GAATAATACAG 

IAA16 GAATGAAAGATTTCATGAATGAGAGTAAATTGATCG
ATCTTCTAAACGGAGGAGGTGGAGGTGGAGCT 

TTTATAATAATAATTCATATATAAATTTAAAGATATAAA
AATACTCACTCGGCCCCAGCGGCCGCAGCAGCACC 

CTCCAACGCCTTA
AGCAAAA 

CGATTGCTTCTGA
TCCCTTC 

IAA17 GAATGATAGACTTCATGAATGAGAGGAAATTGATG
GATTTGGTGAATAGCGGAGGTGGAGGTGGAGCT 

AAAGCTCTAATTAAATGGTAATTAATAAGGGAGAAGAA
GAAGACGTACGGGGCCCCAGCGGCCGCAGCAGCACC 

GCACCATAAAAG
AAAACCACCA 

AAACGCTTGCAT
GTATCGAC 

IAA27 GTGGCAGAGATGGGTTAAACGAGAGTCGCTTGACT
GATCTCTTGCGTGGTGGAGGTGGAGGTGGAGCT 

TGTTAATTTACATTGTTGAGATTGATCTTTTAAAAATCAA
AGACTTACTCGGCCCCAGCGGCCGCAGCAGCACC 

CGTTTTCTAGTCT
CTCCTTCTTTGA 

CAGCTTCTTGCAG
GAGCATA 

IAA28 CACATGCCGTTGACCAACTCTTCTCTAAGAAAGATT
CGTGGGATCTAAACGGAGGTGGAGGTGGAGCT 

AGTTCCAGAAAAAAAAATGGAATTAGTTTTGTTTGATTT
AAAACTTACTCGGCCCCAGCGGCCGCAGCAGCACC 

AAGGAGAGTGAT
GAAGAGAAGGAA

TCTGATGAGAAA
TGGCCAAA 

IAA29 CTATTGAATCTAATTTTGGGTTATCAGATGAAGATT
GCGACAGAGAAGATGGAGGTGGAGGTGGAGCT 

CATTACTCAATAAGTCATTTTTCTTGAAATATAGAGAAG
TAAACTTACTTGGCCCCAGCGGCCGCAGCAGCACC 

CGAGTCCCTCACT
AACTCCTTG 

TGCACACGGTCG
ATCTCTAA 
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Table 9 (Continued) 
IAA31 AAGTATATCCATGCATTGTCTTGGCTATAACAGGCG

GTAATCGAGATCGAGGAGGTGGAGGTGGAGCT 
TAACCGAGGAAATTATACCAATGTAAGATCAAGATATA
AGATTCATACTCGGCCCCAGCGGCCGCAGCAGCACC 

GCGTATTCTCAGG
CTACGAGA 

CCTTGACCGATCC
AAGTTTT 

IAA32 AATCTGCAGGGATGCAGACCGTGTCGGGATTGAGGT
TGTTCCAGACTGAGGGAGGTGGAGGTGGAGCT 

TTAACTTAAAATGCTTAGTTTTTGTATAGAGAAAATGTA
AGAGCTTACTTGGCCCCAGCGGCCGCAGCAGCACC 

CGCAACTCTTGCT
CTTCAGC 

CCCCAGAAGAAG
CTTGGAC 

IAA4 TGTTTAAATTCTCTGTGGGAGAATATTTTGAGAGAG
AAGGATATAAAGGCGGAGGTGGAGGTGGAGCT 

GTGTCATAAGTTAACTAATTTGAGAGATAAATGAAAATT
TGTACTTACTCGGCCCCAGCGGCCGCAGCAGCACC 

GAGATTGGGATT
ACCAGGGA 

TCCTTTCATGATC
CTTAGCC 

IAA5 TTAACTTTATAATCTTTATATATGAAAATGAAGATG
ATACGTTGAAGGAAGGAGGTGGAGGTGGAGCT 

AATAAAAGAAAGTAAATTTGAATGTTATAGAGGTCGCT
AGAAACTTACTCGGCCCCAGCGGCCGCAGCAGCACC 

TAATCTTGGACTC
GAAATCACC 

AATCCTTAACCTC
TTGCACG 

IAA6 TAACACATGTATATATAAACTATGCAGGAGTGGCGA
AGGAGGGTAAGAAGGGAGGTGGAGGTGGAGCT 

GTAAATTTGATAATTGAGCATTGTAATGCAAGCTAAACA
TAAACTTACTGGGCCCCAGCGGCCGCAGCAGCACC 

TCTTGCTGGAGAC
CAAAACC 

TCTTGCTGGAGAC
CAAAACC 

IAA19 TTACATATATACATATTTGTGCAGGTGTGGCCTTGA
AAGATGGTGACAACGGAGGTGGAGGTGGAGCT 

CATTTTCTTTTTGTAGTGAGATATCTTAAGTCAAAAGATA
GAACATACCCGGCCCCAGCGGCCGCAGCAGCACC 

TCTACAACCAAA
CCAACACCC 

AACCAGCTCCTTG
CTTCTTG 

IAA26 CTGATGGTCAAGGAGAAGAGAAACCTATCATTGGA
TTATTAGATGGGAAAGGAGGTGGAGGTGGAGCT 

CAAAACACTGAATCAGATTCAGAGAACAAAAGGGGAAA
AGATTCTTACTGGGCCCCAGCGGCCGCAGCAGCACC 

CAAAGAACTGCT
CCTGGTCC 

TCACACGCAGTCT
CTTCACAG 
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Table 10. Primers used for RT-PCR of IAA-GFP constructs. 
GENE RT-F RT-R 
IAA4 GGTGATGTTCCTTGGGAGATG ACCCGAGCAGTTTCAGAGC 
IAA5 GAGATGTTCCTTGGGAAATG TGTAAGGCTCACTCACATTCAC 
IAA19 GTGATGTACCTTGGGGGATG TTAAATTAATGAACCAGCTCCTTG
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CHAPTER 3 

Optimization of Recombineering-based Tagging System for a systematic Arabidopsis 

gene functional analysis 

SUMMARY 

In order to generate a genome-wide collection of TAC-based gene translation fusions in 

Arabidopsis, a high-throughput recombineering protocol needs to be implemented. To 

facilitate the systematic production of the whole-gene GFP fusions, we optimized several 

of the rate limiting steps of the previously developed gene-by-gene recombineering 

procedure. Specifically, we evaluated the possibility of 1) preparing competent cells in 

pools of individual JAtY clones, 2) introducing new version of fluorescence proteins to 

improve the sensitivity and, therefore, widen the utility of the system, and 3) constructing 

the Sypet-FRT-Amp-FRT cassette to improve recombination efficiency and accelerate the 

procedure. Finally we have also developed a program (Arabidopsis Tagging (v.1.0)) to 

automatically select the most suitable TAC clone for any given Arabidopsis gene, and 

generate the sets of PCR primers required for tagging and verification. Based on the 

preliminary data generated, a 96-well-format recombineering pipeline for Arabidopsis is 

proposed. We believe these improvements have results in a highly efficient and robust 

96-well recombineering protocol. The development of this procedure is essential step 

towards the generation of whole-genome collection of FP-tagged constructs, and 

therefore an important contribution in the field of Arabidopsis functional genomics. 
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RESULTS AND DISSCUSSION 

Recombination using competent cells generated with pooled cells 

Preparing high-quality competent cells is critical for achieving high rates of 

recombination. However, current procedures require that the competent cells for each 

JAtY clone (one per gene) to be prepared and electroporated individually. Of course, 

competent cells can be prepared by growing the SW102-JAtY clones in 96 deep well 

plates and by carrying out all subsequent centrifugation and washing steps in such type of 

plates. However, in our hands, competent cells prepared in this way display relatively low 

transformation efficiencies (data not shown). An alternative approach to achieve high 

throughput would be to take advantage of the high specificity of homologous 

recombination, and prepare the competent cells as pools of individual JAtY clones. As the 

first step to evaluate this possibility the efficiency of the second recombination with 

deoxy-galactose counter-selection using competent cells of a pool of 2 JAtY clones was 

carried out (Figure 42). High efficiencies were achieved in all reactions (87.5%-100%) 

indicating the feasibility to prepare competent cells by pooling several JAtY clones 

together.   
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Figure 42. Efficiency of recombination when using a pool of two JAtY clones. Pool 1: 
IAA6 and IAA9; Pool 2: IAA27 and IAA32. 8 independent colonies for each 
construct were tested by PCR using the MUTTEST-F/ MUTTEST-R primers (Table 
8) after recombination (replacement of galK by DNA fragment amplified using 
MUTTEST-F and MUT-R primers, Table 8) and the PCR products were running on a 
1% agarose gel. M: DNA maker. The presence of a band slightly larger than that of 
the marker indicates the recombination was successful. Arrow shows the only one 
case (IAA27M2 lane 1) the recombination failed as indicated by the large size of the 
PCR product.   
 
Tagging Arabidopsis genes with Sypet-FRT-Amp-FRT cassette 

galK selection has been optimized for use in our recombineering-based gene tagging 

system. However, the long selection period (4-5 days for first and second recombination) 

and variable efficiencies associated with the second recombination, limit its use in a 

high-throughput strategy. As an alternatively to the inefficient second recombination step 

(replacement of galK by the desired tag), a selectable marker flanked with locus of loxP 

or Flippase Recognition Target (FRT) sites and the nonselectable tag (such as GFP) can 

be inserted together as part of a single cassette. Removal of the selectable marker can then 

be achieved by the expression of the Cre or Flippase (Flp) proteins. Arabinose inducible 

flp gene has been introduced into BAC host cells to facilitate BAC modification using 

(FRT) sites (Lee et. al., 2001). Similarly, a recombineering strain (SW105) carrying an 
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L-arabinose-inducible Flp gene has been constructed to facilitate the modification of 

BACs clones (Warming et. al., 2005). In fact, several groups working with C. elegans 

have implemented this strategy in their recombineering procedures (Sarov et. al., 2006; 

Tursun et. al., 2009). Their results motivated us to generate the Sypet-FRT-Amp-FRT 

cassette (Figure 43) in order to bypass the low efficience of the second recombination 

step. This cassette has three important novelties. 1) It incorporates the A and G adaptors 

making it compatible with our galK/GFP system. 2) It utilizes the codon-optimized Ypet 

making it ideal for expression studies in Arabidopsis, and 3) It utilizes an ampicillin 

resistant gene making the selection process very rapid and robust.    

Figure 43. Schematic representation of recombineering-based Sypet-FRT-Amp-FRT 
tagging system. In Step 1, the Sypet fragment is introduced along with the selectable 
marker Amp which is flanked by FRT sites. Recombinants are selected for the 
presence of Ampr. In Step 2, Amp is removed by the L-arabinose-inducible 
site-specific flippase-mediated recombination. Unlike the 'seamless' method, a single 
FRT site (11 amino acids) is left behind after recombination. 
 
The utility of this system was tested when building IAA7, 10, 11, 17, 28-M2Sypet 

constructs. In the first step to insert Sypet-FRT-Amp-FRT cassette, only 2 out of 40 

recombination reactions failed (Figure 44A), indicating the high efficiency of using Amp 
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as selectable marker. The second step, site-specific flippase-mediated recombination has 

even higher efficiency with Amp successfully removed in all reactions (Figure 44B).  

Although a single FRT site is retained after recombination unlike the 'seamless' method, 

the shorter selection period (2 days for each step) and high efficiency of each step enable 

the high-throughput application of this approach. 

 

 
Figure 44. Efficiency of recombineering-based gene tagging with Sypet-FRT-Amp-FRT 
cassette. For each step, competent cells were made by pools of individual JAtY clones 
(Pool 1: IAA7, IAA10 and IAA11; Pool 2: IAA17 and IAA28). The recombinants were 
tested by PCR and PCR products were examined by 1% agarose gel. M: DNA maker 
showing expected size of Sypet-FRT-Amp-FRT insertion. (A) Efficiency of step 1 (λ-Red 
mediated recombination) to insert Sypet-FRT-Amp-FRT cassette. For each construct, 6 or 
8 independent colonies were selected after recombination and tested by PCR. Arrows 
show the two cases (IAA11M2-Sypet-FRT-Amp-FRT lane 1 and 
IAA17M2-Sypet-FRT-Amp-FRT lane 2) the recombination failed as indicated by the large 
size of the PCR product or missing Sypet-FRT-Amp-FRT insertion. (B) Efficiency of step 
2 (site-specific recombinase-mediated excision of the selectable marker). For each 
construct, four independent colonies were tested after recombination. 
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96-well-format recombineering pipeline for Arabidopsis 

 
Based on the gene-by-gene recombineering-based tagging approach already extensively 

tested in this study, as well as, the improvements described above (preparation of 

competent cells in pools and substitution of the classical galK-based two step 

recombineering by the sigle step Sypet-FRT-Amp-FRT based system), we propose a 

96-well-format recombineering pipeline that should be suitable for the generation of a 

genome-wide collection of whole-gene translation fusions in Arabidopsis (Figure 45). 

This procedure has been successfully employed in the Alonso-Stepanova lab to tag 3×96 

genes (Perez-Amador et. al. unpublished). 

 
Figure 45. Schematic diagram of 96-well-format recombineering pipeline for 
Arabidopsis. 96 JAtY clones containing 96 GOI are selected and grown in a 96-well plate. 
96-well-format miniprep is prepared to purify TACs and 96-well-format electroporation 
is performed to transfer the TACs into SW105 competent cells. The Sypet-FRT-Amp-FRT 
cassettes amplified in 96-well plate are targeted to the TACs in recombineering reactions 
performed in 96-well plates with competent cells made by pool of individual clones. 
96-well-format transformation is conducted to transform modified TACs from SW105 
into Agrobacterium cells to be ready for transforming plants.  
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Web tool developed for recombineering-based gene tagging system  

Identifying the best available JAtY clone for a gene of interest, and designing the primers 

needed for recombineering are important and time consuming steps that could be 

automated. To make this potentially rate limiting step fast and simple and automated, a 

web tool application, Arabidopsis Tagging (v.1.0) 

(http://www.arabidopsislocalizome.org/), was developed. In the following sections the 

use of this application is described. 

Input 

Arabidopsis Tagging (v.1.0) accepts three types of inputs. For a single gene, in the 

textbox below the Input Option 1, users can either type in a locus identifier (At1g01010, 

etc.) by choosing type GENE, or input a gene name or any key word that described the 

function of the gene (IAA1, etc.) by choosing type FUNCTION. The tagging position 

(N-terminal or C-terminal) can also be selected. By default the program will return the 

results for tagging at the C-terminus. If the input type is specified by Function, the 

program will display the results for all of the Arabidopsis genes whose description 

contains the keyword. For example, any of the following keywords, F19P19.32, 

F19P19_32, IAA3, INDOLE-3-ACETIC ACID 3, SHORT HYPOCOTYL 2 or SHY2, 

will generate the same output as entering the corresponding gene identifier At1g04240, 

whereas entering IAA will result in an output containing all of the Arabidopsis Aux/IAA 

genes. 

For multiple genes, users can paste locus identifiers (At1g01010, etc.) with the desired 

tagging position (N or C; by default the program will return the results for tagging at the 

C-terminus) separated by tabs or spaces in the textbox below the Input Option 2.  
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In addition, a single file with a gene list (one gene per line, including locus identifiers and 

desired tagging position) can be uploaded. The program will return the results for every 

gene entry in the file. The output can be viewed on the screen or downloaded as a file 

through the link provided in the output. The program only accepts txt format input files 

with size smaller than 50 kb.  

Output 

By default, the program will return output listed below： Gen_ID: locus identifier; 

GENE_NAME: gene symbol; TAGGING_POSITION: N for N-terminal and C for C- 

terminal; BEST_TAC: information on the best available JAtY clone (based on the criteria 

described below) including clone ID, size of insert, distance in Kb from the 5’ end of the 

TAC clone to the gene of interest, distance from the 3’end of the TAC clone to the gene 

of interest, total number of genes in the clone, number of genes upstream of the gene of 

interest, and number of genes downstream of the selected gene; REC_F: forward primer 

for homologous recombination; REC_R: reverse primer for homologous recombination; 

TEST_F: forward primer for PCR testing of recombineering-modified clones; TEST_R: 

reverse primer for PCR testing of recombineering-modified clones; TEST_SIZE: 

expected size of the PCR product amplified with the TEST primers using Arabidopsis 

genomic DNA as a template. Users can also retrieve additional information by marking 

the check boxes below the Output Options. The additional information contains: 

ALL_TAC: information for all of the JAtY clones containing the gene of interest; 

TAC_5KB_ENDS: information for all of the JAtY clones where the gene of interest is 

located at least 5 Kb from either  end of the TAC; TAC_5KB_ENDS_20_70KB: 

information for all of the JAtY clones with insertion size between 20 to 70 Kb where the 

gene of interest is located at least 5 Kb from both ends of the TAC; DNA_SEQ: DNA 



 130

sequence of the gene of interest including 500 bp upstream of the start codon and 500 bp 

downstream of the stop codon, with exon sequences indicated by upper case letters; 

UNICLONE: SSP pUni Clone ID (Yamada et. al., 2003).  

As an example, the input and output of Arabidopsis Tagging (v.1.0) for the Arabidopsis 

gene IAA5 are shown in Figure 46.  

A 

B 
Figure 46. Interface of Arabidopsis Tagging (v.1.0) and an input and output example. 
(A) Gene IAA5 was used to demonstrate how to input queries using this web tool. (B) 
Output generated for IAA5 corresponding to the input options specified in A.  
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Data Processing 

All of the DNA sequences were downloaded using T-DNA Express: Arabidopsis iSect 

Tool (http://signal.salk.edu/cgi-bin/tdnaexpress), including 500 bp upstream of the start 

codon and 500 bp downstream of the stop codon. If a gene had more than one splicing 

form, sequences supported by an SSP pUni Clone (Yamada et. al., 2003) were chosen. If 

none of the transcripts are verified by the SSP pUni Clone, the first DNA sequence in the 

Arabidopsis iSect Tool output was used.  

For N-terminal tagging, start codon and 47 bp upstream of the start codon plus the linker 

G sequence (5’-GGAGGTGGAGGTGGAGCT-3’) are used as a forward primer for 

recombination (68 bp). Reverse complement of the 50 bp downstream of the start codon 

followed by the linker A sequence (5’-GGCCCCAGCGGCCGCAGCAGCACC-3’) are 

used as a reverse primer for recombination (74 bp). 

For C-terminal tagging, a reverse complement of the stop codon and 47 bp downstream of 

the stop codon plus the linker G sequence are used as a reverse primer for recombination 

(74 bp). 50 bp upstream of the stop codon plus the linker A sequence are used as a 

forward primer for recombination (68 bp).   

The PCR testing primers were generated using T-DNA Express: Arabidopsis iSect Tool 

(PrimerS) (http://signal.salk.edu/cgi-bin/tdnaexpress) using the following options: 

PRIMER_OPT_SIZE=21; PRIMER_MIN_SIZE=18; PRIMER_MAX_SIZE=28; 

PRIMER_OPT_TM=61; PRIMER_MIN_TM=53; PRIMER_MAX_TM=71; 

PRIMER_MIN_GC=20.0; PRIMER_MAX_GC=80.0; PRIMER_GC_CLAMP=1; 

EXT5=250; EXT3=250 and FORMAT_OUTPUT=1. For N-terminal tagging, a 500 bp 

DNA sequence containing 247 bp upstream of the start codon, the start codon and 250 bp 

downstream of the start codon are used as an input, with the middle 200 bp replaced by 
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200 ‘N’ to make sure the primers generated flank the insertion site. For C-terminal 

tagging, a 500 bp DNA sequence containing 250 bp upstream of the stop codon, the stop 

codon and 247 bp downstream of the stop codon are used as an input, with the middle 200 

bp replaced by 200 ‘N’ to make sure the primers generated flank the insertion site. The 

first pair of primers returned is chosen as output.   

To identify the best JAtY clone containing the gene of interest, all of the clones containing 

the gene of interest were first selected (Category I). Next, the list was trimmed by 

removing those clones that have fewer than 5 kb from either end of the gene of interest to 

either end of the TAC clone (Category II). The next cutoff (Category III) was made by 

selecting the TAC clones with insertion size in the range from 20 to 70 kb. Among those, 

the best JAtY clone was chosen based on having the biggest minimum distance from 

either end of the gene of interest to either end of the clone. If all of the clones in Category 

II are smaller than 20 kb, the largest available clone was chosen as the best clone. 

Similarly, if all of the clones in Category II are larger than 70 kb, the smallest available 

clone was chosen as the best clone. If none of the clones pass the Category II 

requirements, direction of the gene is then considered and the best clone was identified as 

that having the greatest distance from the start codon to the upstream end of the JAtY 

clone. 

Programming and database design 

Perl script was written to download the DNA sequences and description of genes to local 

computer, design oligos for recombination, generate the input sequence for online primer 

designing tool and retrieve testing the primers from output (arabidopsistagging.pl). The 

same perl script was also used to choose best available JAtY clone based on criteria 

mentioned above. Data generated by per script was then stored in a database with Locus 
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Identifer as key. A CGI script (arabidopsistagging.cgi) was written to display the interface 

of web tool, acquire the input information, query the database and generate the output for 

users to review. All these scripts and files required to run them can be downloaded from 

(http://www.arabidopsislocalizome.org/arabidopsistagging.zip).  
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CONCLUSION 
Ever since the genomic sequencing of Arabidopsis was completed more than 10 years ago, 

understanding the function of all the genes in this genome has become the next major 

challenge in plant biology. Among the many layers that comprise a gene’s function, the 

detailed spatial and temporal expression map is among the most challenging to obtain. 

Nevertheless, and due to the critical importance of this type of gene expression 

information, tremendous efforts have been dedicated to this task in several model 

organisms. One of the main problems of generating this detailed expression maps is the 

need of capturing all regulatory elements of a gene. Utilization of recombineering 

technology has proven invaluable in achieving the goal of generating the gene 

modification, so their activity can be easily monitored, preserving their genomic context. 

This methodology is applicable to large and rare transcripts, which are difficult to obtain 

as cDNAs, keeps complete repertoire of potential splice variants encoded by a gene, and 

most importantly, enables the expression of the transgene from its native genomic 

environment including the presence of native transcription and translation regulatory 

sequences.  

Our results indicate recombineering-based gene tagging using the λ-Red system and the 

JAtY library of Arabidopsis TAC clones, is a good combination to generate the 

whole-gene GFP fusions required for detailed spatial-temporal gene expression studies. 

We developed a recombineering-based gene tagging protocol and examined the efficiency 

and fidelity of each step in the recombineering procedure, as well as, some of the factors 

that may affects such parameters. Our results demonstrate that tags can be precisely 

inserted to a desired location of GOI with high efficiency. We discovered that good 

transformation efficiency can be achieved when transforming plants with JAtY clones by 
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simply replacing sucrose with glucose in infiltration media. In addition, ~70% transgenic 

lines contain the tagged GOI and ~80% of transgenic lines have single-copy insertion. 

Fusion proteins generated using recombineering are expressed with the expected pattern, 

and located in correct subcellular localization. Our results also indicate that the 

recombineering-based system can be adopted as a general strategy, not only for the 

generation of whole-gene reporter fusion constructs, but also for making all sorts of 

sequence modification, including point mutations, deletions and replacements, in the 

pseudogenomic context of a large TAC clone.  

We exemplify the utility of this approach by tagging the low-expressed and short-lived 

Arabidopsis Aux/IAA proteins, and by studing the expression pattern and subcellular 

localization of this gene family. Tagged Aux/IAA proteins were nuclear-localized and 

expressed with specific pattern in Arabidopsis seedlings. Information of Aux/IAA 

localization facilitated by the constructs described in this work will greatly help to 

understand auxin-mediated responses in plants.  

We have also made significant advances towards the optimization of the procedure and 

the development of a high-throughput protocol. Specifically, our preliminary data indicate 

that competent cells could be made by pooling individual JAtY clones. The use of the new 

recombineering Sypet-FRT-Amp-FRT cassette will significantly improve the efficiency 

and speed of the process. Thus, we proposed a high-throughput pipeline that enables 

recombineering to be carried out in a 96-well format, an indispensable step towards the 

generation of a large collection of whole-gene translation fusions. We believe that the 

rapid innovation in automated tissue culture, and robotic confocal imaging, together with 

the development of new genetic tools such as the one described in this work will make 
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possible to meet the grand challenges of the post-genome era in Arabidopsis and other 

model organism. 
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