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ABSTRACT 

 

Technological advances increase our abilities to address fundamental biological 

questions. In this study, three novel technologies for studies of gene regulation within 

specific cell types and a Gateway-adapted T-DNA binary vector series are described. The 

first innovation combines two powerful technologies, flow cytometry and DNA 

microarray, for profiling the global gene expression in the nuclei of specific cell types. It 

employs the strategy of labeling the nuclei of specific cell types by transgenically 

expressing GFP, fused with a core histone H2A (HTA6) under the control of cell type-

specific promoters. The fluorescently labeled nuclei are released from transgenic plants 

by homogenization and purified by fluorescence-activated nucleus sorting. RNA samples 

are prepared from the sorted nuclei and subsequently amplified by in vitro transcription-

based methods. The amplified RNA samples are then applied to DNA microarray 

analysis. The application of this technology is demonstrated in the study of the nuclei of 

phloem companion cells of Arabidopsis roots. The second technology is the 

characterization of nuclear DNA content of specific cell types within complex tissues. It 

employs the same strategy for labeling the nuclei of specific cell types. The fusion 

protein HTA6-GFP is incorporated into chromatin and the GFP signal is proportional to 

the DNA content. The DNA content of a specific cell type is determined by comparing 

the DNA content revealed by DAPI counterstaining through flow cytometric analysis. 

Using this method, we found that the endodermis of Arabidopsis roots had predominantly 

DNA contents of 4C or 8C, indicating endoreduplication.  The third approach is the 



 
 
 
  11 

silencing of gene expression in specific cell types using RNAi technology. Our 

experiments show that in certain backgrounds RNAi induced gene silencing in specific 

cell types does not spread to nearby cells. These results suggest a feasible way to 

abrogate gene expression in certain cell types by using RNAi technology. Along with the 

development of the above methods, we also created a series of Gateway-adapted T-DNA 

binary vectors for expressing GFP fusions, for cloning tissue specific promoters, or for 

producing RNAi constructs. The sequence information of nine vectors has been deposited 

in GenBank to facilitate their use by other laboratories. 
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Chapter 1 

 

Technologies for Studies of Gene Regulation within Specific Cell Types 

 

 

The major body of a higher plant comprises a mixture of different cell types, 

which are descendants of common ancestor cells and are presumed to inherit identical 

copies of the genetic materials. The differences between cell types are construed to be 

consequences of different manners in maintenance and expression of the genome. 

Discovery of gene expression patterns within a specific cell type as it follows its 

developmental path would provide invaluable information for identifying the functions of 

genes in cell-type differentiation. 

The ability to determine gene expression patterns within specific cell types relies 

on the available technologies and their capabilities. This chapter summarizes the major 

current technologies for studying gene expression patterns within specific cell types.  

 

In situ hybridization and in situ RT-PCR 

In order to identify the spatial pattern of transcriptional expression of a given 

gene, RNA in situ hybridization can be carried out. In this technique, the probe (generally 

DNA) can be labeled radioactively or, chemically, by attaching a fluorochrome or, 

biochemically, through employing an enzyme that converts a substrate to a visible dye 
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product. The labeled probes are then applied to fixed and sectioned plant tissues, to allow 

hybridization to the target RNA. The degree of hybridization can be visualized by 

autoradiography, fluorescence microscopy, or enzymatic conversion of colorless 

substrates into colored products. Two exemplar applications of in situ hybridization to 

plant studies are provided by the reports of Long et al. (1996) and Long and Barton 

(1998). In the reports, the transcript levels of SHOOT STEMLESS, AINTEGUMENTA, 

UNUSAL FLORAL ORGANS, and CLAVATA1 were monitored through in situ 

hybridization to reveal their expression patterns during embryogenesis. Recently this 

method was streamlined for high-throughput analyses of mRNA distribution in plants 

(Drea et al., 2005). The major improvements of the method are at the tissue fixation and 

hybridization steps. By using a Tissue-Tek Vacuum infiltration processor, the initial 

fixation, dehydration, and wax infiltration steps are automated, and the time is shortened 

from one week to twenty-four hours. RNA probes for hybridization are synthesized in 96-

well plates, and labeled probes are hybridized to fixed tissue sections on slides. On a 

single slide carrying tissue sections, up to eight different probes can be hybridized in 

parallel by using specially designed hybridization chambers. This semi-automated system 

significantly increases the throughput of in situ hybridization, and makes it possible to 

carry out spatial analysis of gene expression on large numbers of genes.  

First described by Chen and Fuggle (1993), in situ RT-PCR detects intracellular 

mRNA by combining the techniques of in situ hybridization and the polymerase chain 

reaction (PCR). Given the logarithmic amplification provided by PCR, it can detect 

signals from transcripts that are at very low abundance. In a review by Nuovo (1996), the 
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key steps, which include sample fixation, protease digestion, and DNase digestion, were 

discussed for a successful in situ RT-PCR. The application of in situ RT-PCR to plant 

research was first described by Pesquet et al. (2004). In this study, the protocol was 

optimized for detecting mRNA in the vascular tissues of Zinnia elegans.  By using 

fluorescent primers with non-overlapping fluorochromes, the modified protocol enables 

simultaneous detection of multiple target transcripts within a complex tissue. 

 

Using molecular markers for studying gene expression patterns in live materials or 

in fixed tissues  

One commonly used strategy to study the expression pattern of a gene involves 

the use of reporters in the form of transcriptional fusions. DNA constructs are made 

comprising a reporter gene coding sequence placed under the control of the regulatory 

sequence(s) of the gene of interest. Expression of the chimeric reporter gene is then 

monitored in transgenic plants or their progeny. Two categories of reporter genes are in 

common use. The first category of reporters comprises the Fluorescent Proteins (FPs) of 

which Green Fluorescent Protein (GFP) from Aequorea victoria was the prototype 

(Chalfie et al., 1994; Sheen et al., 1995; Tsien, 1998), and which has now expanded to 

include a wide variety of proteins largely isolated from reef-dwelling or other oceanic 

species, notably the Discosoma sp. reef coral red fluorescent protein (DsRed), and its 

derivatives (Baird et al., 2000; Ehrhardt, 2003). These fluorescent reporters, uniquely, do 

not need any substrates or non-protein cofactors, and therefore can be used to monitor 

gene activity dynamics in heterologous organisms simply though expression of the 
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coding sequence (Mirabella et al., 2003; Giepmans et al., 2006). The second category of 

reporters is represented by β-glucuronidase (GUS) and firefly luciferase (LUC). These 

reporters are enzymes, which require the addition of substrates to allow observation of 

their distribution of their activities (de Ruijter, 2003). 

Numerous publications have appeared in which reporter genes have been 

employed to provide gene expression patterns. However, three important points need to 

be understood when using this strategy. Firstly, these reporters provide information about 

gene expression at the protein level (either a fluorescence signal or a measurement of 

enzyme activity), whereas a gene can be regulated at many levels from the point of 

primary transcription to the point at which a functional protein is produced. The 

regulatory mechanisms imposed on the transcript of the gene of interest may not be 

accurately reflected by information provided by a protein marker. This problem can be 

overcome by fusing not only the regulatory sequence but also the coding sequence to a 

reporter gene. However, since the fusion proteins are often functional, dosage effects may 

interfere with the expression. Secondly, the expression pattern of a reporter gene 

construct may be affected by the insertion position. This concern can be solved by 

observing multiple independent transgenic lines. Thirdly, the regulatory sequences of the 

genes of interests may not be clearly defined. Important regulatory elements can be either 

upstream or downstream, and can be as far as 100 kb away from the open reading frame 

of a gene (Stam et al., 2002). All these need to be carefully considered when making a 

reporter gene construct.  
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The above considerations apply to situations when gene sequences and structure 

are known. However, when the gene sequence is not available, other strategies need to be 

employed to identify regulatory sequences responsible for cell type-specific expression. 

One popular experimental strategy involves that of promoter, or enhancer trapping. Gene 

and promoter trap strategies employ marker gene sequences lacking functional regulatory 

DNA sequences. Similarly, enhancer trap constructs contain a reporter gene with a 

minimal promoter (e.g., a TATA box). These are transferred randomly into the genome, 

using transposon-derived or T-DNA-based methods. In proximity to the appropriate cis 

sequences, transcription of the marker gene occurs. The analysis of reporter gene 

expression with gene trap lines has led to identification of promoters that show cell- and 

tissue-specific expression. Examples of the successful use of this approach include the 

identification of transcriptional elements necessary for root cap-specific (Tsugeki and 

Fedoroff, 1999) and guard cell-specific expression (Plesch et al., 2000). 

 

Separation of specific cell types followed by downstream analysis 

Various kinds of techniques have been developed for separating and collecting 

single-cell types. 

A. Sample specific cell types by utilizing their special morphology 

For root hairs and trichomes, which protrude from plant surfaces, one simple and 

effective method is to freeze the plant tissue in liquid nitrogen and break the root hairs 

and trichomes off by stirring or shaking. Since the root hairs or trichomes are small and 

light, they remain in the ‘boiling’ liquid nitrogen, while bigger pieces of broken roots or 
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other kinds of tissues settle to the bottom. By pouring the liquid nitrogen into a different 

container, the root hairs/trichomes can be separated from the debris. This approach has 

been successfully employed to harvest root hairs from Lycopersicon esculentum (Bucher 

et al., 1997) and Medicago truncatula (Covitz et al. 1998), and glandular trichomes from 

Medicago sativa L. (Aziz et al., 2005). Another method for collecting some specialized 

trichomes is to soak the trichome-bearing tissues in a cold buffer, and use agitated glass 

beads to remove the trichomes from the tissue surface. The trichomes are then purified by 

passing the resulting suspension through a series of meshes. Two examples are the 

isolation of glandular trichomes from peppermint (Lange et al., 2000) and sweet basil 

(Gang et al., 2001). Other methods are also used for enriching certain cell types, such as 

peeling off the epidermis or separating xylem from phloem and non-vascular tissues 

(Zhao et al. 2000; Zhao et al., 2005). The advantages of the above methods are that they 

are simple and require less complicated equipment and very often enable the collection of 

relatively large amount of material for downstream analyses of mRNA, as well as of 

proteins and secondary metabolites.  

B. Microsampling  

            A very precise and delicate sampling method is to collect the cellular contents 

from individual cells using glass microcapillaries. This approach has been used for 

sampling from epidermal, mesophyll, and bundle-sheath cells of barley leaves (Fricke et 

al., 1994; Koroleva et al., 1997; Lu et al., 2002). This approach has also been used on 

other species including Arabidopsis, potato, tobacco, and cucumber (Brandt et al., 1999; 

Brandt et al., 2002; Ivashikina et al., 2003).  Using this approach, Jones and Grierson 
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(2003) were able to collect the cell contents of Arabidopsis root hairs cells at very early 

developmental stages. For microsampling, GFP is often expressed under the control of 

cell type-specific promoters for highlighting the target cell types. As reviewed by Brandt 

(2005), glass microcapillary-based microsampling methods induce minimal perturbations 

to the neighboring cells (minimal invasive sampling). Although this method can be 

extremely accurate in terms of access to specific cell types, a major disadvantage of 

microsampling is that it provides a very small amount of materials for downstream 

analyses, which therefore rely strictly on sensitive amplification methods. 

C. Laser capture microdissection 

Laser capture microdissection (LCM) was first systematically described by 

Emmert-Buck et al. (1996) as a rapid means of isolating specific populations of cells or 

individual cells from heterogeneous animal tissues. This method involves overlaying thin 

sections of tissue with a transparent thermoplastic film. A focused laser beam is pulsed to 

activate the film, causing it to become adhesive and fuse to the targeted underlying cells 

in the tissue section. The film and the attached cells are then transferred to DNA, RNA, 

or protein extraction buffers.  In 1998, Schutze and Lahr (1998) developed a similar 

technology called laser microbeam microdissection (LMM) and laser pressure catapulting 

(LPC). This method uses a focused high photonic energy laser beam to precisely 

circumscribe selected cells, to isolate them from the surrounding tissues. This laser 

circumscription removes all the biological materials in its path, and forms a gap of 1-10 

µm in width. Next, the laser is focused slightly below the microdissected target cell and 

the laser power is increased. This produces the pressure to catapult the cells directly into 
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the cap of a common microfuge tube or a specialized collecting device. In contrast to 

LCM, the LMM and LPC methods avoid the use of transfer film, which needs to be in 

direct contact with the specimen for efficient attachment and transfer. Thus, it can capture 

clean samples which have uneven surfaces.  

The laser-based microdissection method was first adopted in plant studies in 

2002. Asano et al. (2002) used LMM and LPC method to collect phloem cells from fixed 

rice leaf tissues. Further optimization of LCM was done for successful harvesting of 

specific cell or tissue types of different plant species (Kerk et al. 2003; Nakazono et al. 

2003). The presence of cell walls and vacuoles in plant cells has been the major 

hindrance for applying LCM directly to plant studies. Some useful methods for preparing 

mammalian tissues, such as frozen cryosectioning, are not appropriate for many plant 

tissues because of the difficulty of stabilizing the vacuolated cells and the loss of tissue 

integrity caused by freezing and thawing. Thus, several optimization studies focused on 

plant tissue fixation and sectioning have been done. It was found that precipitative 

fixation is better than the cross-linking fixation methods in that the latter results in RNA 

degradation. In coping with vacuolated cell types, a paraffin-embedded tissue sectioning 

has been shown to allow the isolation of cell-specific RNA from tissues of various organ 

systems of several plant species (Kerk et al., 2003). Recently, Inada and Wildermuth 

(2005) reported a method to simplify the procedure by using rapid microwave paraffin 

embedding without prior fixation to work with fragile plant tissues with large central 

vacuoles. 
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D. Fluorescence activated protoplast sorting 

Plant tissues can be treated with enzymes to remove cell walls to produce 

protoplasts. The protoplasts in suspension can then be sorted through fluorescence-

activated cell sorting (FACS) based on their endogenous properties, such as size, 

viability, and chlorophyll content (Afonso et al., 1985; Harkins et al., 1990). 

Alternatively, GFP can be used to label the desired protoplasts, and the GFP signal is 

used as the basis for the sort decision. This strategy has been successfully used to isolate 

the protoplasts of specific cell types of Arabidopsis roots (Birnbaum et al., 2003; 

Birnbaum et al., 2005; Lee et al., 2006; Nawy et al., 2005). One advantage of FAS-based 

sampling is that the process is automated and fast. Protoplasts can be readily collected at 

rates up to 1,000 per second (Galbraith and Birnbaum, 2006). This makes it feasible to 

purify large numbers of even very rare cell types, such as quiescent center cells of 

Arabidopsis root tips (Nawy et al., 2005). However, FACS-based protoplast sorting has 

disadvantages in that it requires successful and comprehensive protoplast production, 

which is not possible for all plant organs or developmental stages, and requires also that 

protoplast production per se does not affect expression of the genes of interest.  

 

Methods for studies of gene expression 

A. mRNA amplification  

Samples of specific cell types collected using the above methods generally 

contain small numbers of cells, and thus result in limited amounts of total RNA, protein, 

and other metabolites. This represents a major challenge to downstream analysis. 
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Fortunately, effective methods for linear amplification of mRNA have been developed, 

the majority of which are based on in vitro transcription. In 1990, Van Gelder et al. 

described a strategy to linearly amplify mRNA from limited quantities of heterogeneous 

cDNA in their studies of gene expression in the mouse brain. The method, which is 

commonly termed the “Eberwine Method,” provides the basis for currently used 

procedures. The general steps include reverse transcription (RT) of mRNA with an 

oligo(dT) primer bearing a T7 RNA polymerase promoter. Double-stranded (ds) cDNA is 

then synthesized. The double-stranded cDNAs are subsequently used as templates for in 

vitro transcription using T7 polymerase. The products are antisense RNAs (aRNA), 

which reflect the relative abundance of the original mRNAs (Poirier et al., 1997; Puskas 

et al., 2002).  

Two problems related to the original Eberwine Method have been observed 

(Baugh et al., 2001). The first problem is that the aRNA has a tendency to become 3’-

biased, because the cDNA synthesized with T7 promoter-bearing oligo(dT) primer starts 

at the poly(A) tail of the original mRNA (3’-terminus). The second problem is the 

reduction in the length of the aRNA. If aRNA is used for second-round amplification, the 

T3 promoter-bearing random primers have to be used for generating double-stranded 

DNAs, which are then used for in vitro transcription with T3 RNA polymerase, 

producing shortened aRNA.  

To solve these two problems, a new strategy was developed (Wang et al., 2000). 

This method has an improved procedure for synthesizing the double-stranded cDNA 

templates. It exploits a template-switching effect at the 5’ end of the mRNA transcript to 
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ensure the synthesis of full-length double-stranded cDNA. The template-switching effect 

is based on the terminal transferase activity of reverse transcriptase that adds additional, 

non-template residues, primarily cytosines, to the 3’ end of the cDNA. Specifically, an 

RNA primer carrying an oligo(G) sequence at its 3’ end is added in the reverse 

transcription reaction. The oligo(G) end of the primer base-pairs with the newly 

synthesized dCTP stretch at the 3’ end of the cDNA first strand. Reverse transcriptase 

then switches templates and continues adding deoxynucleotides to the 3’ end of the 

cDNA first strand that are complementary to the annealed primer sequence. Then a 

primer complementary to the sequence added to the 3’ end of the cDNA first strand is 

used for synthesizing double-stranded cDNA for the first round of amplification, as well 

as for further rounds of amplification. This strategy solves the amplicon shortening 

problem when more than two rounds of amplification are implemented. 

As reviewed by Nygaard and Hovig (2006), a series of Eberwine Method-derived 

mRNA linear amplification methods have been developed and commercialized. These 

protocol variations for mRNA amplification show promising improvements in terms of 

technical issues, fidelity, and sensitivity of the procedure. Generally, the efficiency range 

for two rounds of linear amplification lies between 103 to 105. The required minimum 

amount of input total RNA range can be as low as 0.1-1 ng (requiring two to three rounds 

of amplification).  

As an alternative to the conventional T7-based linear approach, PCR-based 

exponential strategies have also been developed for mRNA amplification. Similar to the 

strategy described by Wang et al. (2000), the PCR-based methods introduce PCR priming 
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sites at both ends of each reverse-transcribed cDNA molecule, followed by global 

amplification of cDNA by PCR cycles (Hertzberg et al., 2001). This exponential 

approach can achieve higher fold amplification than linear methods, and can still preserve 

abundance relationships to a certain extent (Iscove et al., 2002).  

B. Northern blot analysis 

Northern blot analysis is a classical technique in molecular biology research for 

studying gene expression. This technique involves the isolation of total RNA (or mRNA) 

from the plant tissues of interest, followed by separating the RNA by length using gel 

electrophoresis. The RNA is then transferred from gel to a positively charged membrane, 

and immobilized by UV-cross linking or baking. The DNA sequence of the gene to be 

studied is labeled radioactively, or by other methods which allow easy visualization of 

the hybridization, and then hybridized to the RNA immobilized on the membrane. In this 

way, the expression level of one specific gene in different RNA samples can be 

compared. The membrane can be hybridized repeatedly, depending upon the durability 

and handling of the membrane. This makes it possible to do quantitative gene expression 

analysis relative to control genes. The Northern blot method has been successfully 

applied to expression analyses of 1003 novel yeast genes (Brown et al., 2001). This 

revealed broad concordance when comparing the Northern results with those obtained 

from microarray analyses. The main drawback of Northern blot analysis is the 

requirement of a large amount of RNA and the low-throughput. This makes it less 

desirable for analyzing very costly RNA samples isolated from a small amount of 
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specific cell types. Instead, high-throughput methods like DNA microarray hybridization 

are generally chosen. 

C. DNA microarray analysis 

First described by Schena et al. (1995), a DNA microarray is a collection of 

microscopic DNA spots printed or locally synthesized on a solid surface, typically glass 

microscope slides coated with chemical compounds which confer specialized surface 

properties. The spots contain DNA fragments or single-stranded DNA oligonucleotides 

that represent transcript sequences. The DNA elements immobilized on the slide surface 

serve as probes and hybridize with fluorescent targets derived from RNA samples of 

interest. DNA microarray is at present the most high-throughput method for 

transcriptional gene expression analysis. For a comprehensive review of the microarray 

platforms that are in widespread use see Galbraith and Birnbaum (2006).  

For a typical microarray hybridization, mRNA is first converted to cDNA or 

aRNA (amplified RNA, antisense to mRNA), and then labeled with fluorescent dyes. The 

most frequently used fluorescent dyes are Cy3 and Cy5, which were originally 

synthesized by Waggoner’s group (Yu et al., 1994). Generally, the targets labeled with 

different fluorescent dyes are mixed in equimolar amounts and are hybridized to DNA 

probes immobilized on microarray slides. The microarray slides are then scanned and the 

absolute intensity values of the pixels corresponding to the sites of hybridization are 

determined. The ratio between the signals of two different fluorescent dyes is often used 

to indicate differential expression, up- or down-regulation (Quackenbush, 2002). 

However, for hybridization using Affymetrix GeneChips, targets are generally labeled 
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with a single fluorescent dye, and hybridization is done in a manner of one treatment per 

chip. The absolute intensity values of the pixels corresponding to the sites of 

hybridization on different chips are determined and normalized. The normalized 

measurements of hybridization from different chips (corresponding to different 

treatments) are then compared. (Galbraith and Birnbaum, 2006; Irizarry et al., 2003). 

Microarray hybridization and analysis generates large amounts of data on transcriptional 

gene expression under different experimental conditions. Correct interpretation of the 

data relies on good experimental designs and comprehensive statistical analyses (Allison 

et al., 2006; Clarke and Zhu, 2006).  

D. High-throughput RT-PCR 

PCR following reverse transcription (RT) has been used to amplify small RNA 

samples. This is achieved by incorporating a universal sequence to the 3’ end of all 

cDNA first strands, while synthesis is done using the template-shifting effect. The 

universal sequence at the 3’ end and the oligo(dT), or the sequence extended from 

oligo(dT), are employed for the PCR-based amplification. If gene specific primers are 

used, instead of using the universal sequence, RT-PCR (or variant methods) represents a 

very sensitive means to detect transcript abundance of specific genes. This method can be 

adapted for high-throughput analysis. For example, Czechowski et al. (2004) described 

the use of real-time RT-PCR to detect the transcript abundance of 1465 Arabidopsis 

transcription factors. The detection limit was about one transcript per 1000 Arabidopsis 

cells, which is about 1000 times lower than that of DNA microarray-based analysis in 

yeast (Holland, 2002; Horak and Snyder, 2002). With this high sensitivity, RT-PCR can 
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be used to monitor the expression of genes expressed in specific cell types without the 

need for pre-enrichment.  

E. cDNA library construction followed by sequence analysis of individual clones 

RNA samples isolated from specific cell-types can be analyzed directly, with or 

without mRNA amplification. Alternatively, the mRNA or aRNA of a specific cell type 

can be analyzed in archival form, through conversion into a cDNA library. A well-

constructed cDNA library provides a source of transcribed sequences with the advantage 

that individual clones can be selected and sequenced almost indefinitely. In order to 

estimate the expression level of a specific gene, the number of occurrences of its 

sequence in the library is counted and compared with that of reference genes. This 

method for calculating gene expression has been described as performing an “Electronic 

Northern.” For the occurrence frequencies to be meaningful, it is required that there be 

unbiased cDNA representation during library production and unbiased sampling when 

selecting clones for sequencing. It also requires that a large number of cDNA clones be 

sequenced, which can be very costly. Similar to the idea of Electronic Northerns, two 

additional strategies, SAGE, for Serial Analysis of Gene Expression, and MPSS, for 

Massively-Parallel Signature Sequencing, have been developed.  

First described by Velculescu et al. (1995), SAGE allows quantitative and 

simultaneous analysis of a large number of transcripts. Instead of constructing a cDNA 

library, SAGE relies on the creation of short (9 bp) DNA tags representing all transcripts, 

which are then ligated into longer fragments through a series of digestion, ligation, and 

PCR amplification steps. The final DNA fragments are then cloned into a plasmid vector 
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and sequenced. The sequences are then analyzed to quantify the occurrence of each 

sequence tag. An example of applying SAGE to plant studies was reported by Matsumura 

et al. (1999) to identify 10,122 sequence tags derived from 5,921 expressed genes in rice 

seedlings.  

MPSS, firstly described by Brenner et al. (2000), involves in vitro library 

construction on the surface of microbeads, physical separation of these beads carrying 

differentially expressed cDNA, and massively-parallel sequencing using a unique method 

and fluid microarray platform. The major drawback of both SAGE and MPSS is that they 

are costly, which limits the number of different samples that can be processed. The 

problem of high cost related to SAGE technology may be overcome by the recent 

development of novel sequencing strategies (Margulies et al., 2005; Shendure et al., 

2005), which have the potential to significantly decrease sequencing costs.  

 

Objectives and research approaches 

The primary objective of this study is to develop a novel technology, that 

combines fluorescence-activated nucleus sorting (FANS) and DNA microarray analysis 

for discovery of global gene expression profiles of specific cell types in Arabidopsis. The 

technology should also be applicable to other plant and even animal species without the 

need for dramatic modification.  

This technology focuses on the nucleus as the source of transcriptional 

information. It has been well established that nuclei can be rapidly isolated through tissue 

homogenization, and the released nuclei labeled with a DNA-specific fluorescent dye can 
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be separated by FANS (Galbraith et al., 1983). In order to sort nuclei of specific cell 

types, nuclei need to be specifically labeled. For this purpose, we express in transgenic 

Arabidopsis plants a nuclear-localized GFP using a cell type-specific promoter. Previous 

experiments have demonstrated that a simple nuclear localization signal (NLS), 

translationally fused to GFP, was capable of targeting GFP to Arabidopsis nuclei in vivo, 

but the labeled nuclei could not be sorted through FANS, because the GFP signal escaped 

from the nuclei following tissue homogenization, a phenomenon not significantly 

observed in tobacco (Grebenok et al., 1997a; Grebenok et al., 1997b). Increasing the 

small molecular size of GFP (~26 kD) by fusion to GUS (>100kD), which is well over 

the nuclear pore exclusion size, was not sufficient to retain fluorescence within the 

transgenic homogenates. Thus, the development of a non-leaky nuclear-targeted GFP 

fusion protein became the first challenge in this study. The second challenge was to 

determine how to label the nuclei of target cell types specifically and with sufficient 

signal to enable FANS. For this purpose, it was decided to put together a list of promoter 

sequences for evaluation and testing, which, in order to increase signal strengths, might 

also be combined with transcriptional or translational enhancers.  

Since many cell types represent only small portions of the total cell population, it 

is important to optimize the sorting procedure to increase sorting efficiency and shorten 

sorting time. In addition, only a small amount of RNA is isolated from sorted cell type-

specific nuclei, which makes it necessary to employ mRNA amplification. Thus, a proper 

mRNA amplification method needed to be identified. For global gene expression 
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analysis, we used the Arabidopsis whole genome long oligonucleotide microarray 

produced in the Galbraith laboratory. 
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Chapter 2 

 

A Gateway-adapted T-DNA Binary Vector Series for Plant Biological Studies 

 

 

Introduction 

We proposed to develop a novel technology that combines fluorescence activated 

nucleus sorting (FANS) and DNA microarray analysis for discovery of global gene 

expression profiles of specific cell types in Arabidopsis. The main strategies of this 

technology included: (1) labeling the nuclei of specific cell types by transgenically 

expressing a nuclear-localized Fluorescent Protein such as GFP, (2) homogenizing the 

transgenic plants to release the fluorescent nuclei, (3) purifying these nuclei through 

FANS, (4) preparing total RNA from the sorted nuclei, (5) amplifying linearly the 

mRNA, and (6) applying the amplified RNA to microarrays. The first technical challenge 

was to devise a nuclear-targeted fluorescent protein that could stably label nuclei for 

sorting, but the expression of which should not perturb the global gene expression. This 

turned out to be a very difficult problem. 

Previous experiments in the laboratory had shown that fusion of a simple nuclear 

localization signal (NLS) with GFP or GFP-GUS chimeric proteins could produce 

brightly fluorescent nuclei in vivo. However, the GFP-labeled nuclei could not be 

efficiently sorted through FANS, because the nuclear-targeted GFP fusion proteins 
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somehow leaked out upon tissue homogenization. Thus, the development of a non-leaky 

nuclear GFP became the first challenge in this study. 

In order to devise a non-leaky GFP, I decided to test various kinds of chromatin 

proteins as translational fusions with GFP. I reasoned that chromatin proteins, such as 

histone proteins, would not only direct the fusion protein into the nucleus, but also be 

incorporated into chromatin complexes. This would help retain the GFP fusion protein 

within the nucleus during homogenization and sorting. However, expression of chromatin 

proteins fused with GFP might interfere with global gene expression. I therefore needed 

to test a number of candidate proteins, to identify those with little or no pleiotropic 

effects. 

To facilitate production of plasmid constructs for expressing translational fusions 

of chromatin proteins with GFP, I assembled and modified two T-DNA binary vectors. I 

then converted them into a series of Gateway vectors specifically designed for different 

purposes. This binary vector series has been successfully used for identifying suitable 

GFP fusion partners for labeling nuclei, and for cloning cell type-specific promoters to 

drive the expression of GFP fusion proteins in specific cell types. This vector series has 

also been used in the identification of the regions of the Arabidopsis linker histone HON1 

(http://www.chromdb.org/) that are critical in determining its subnuclear distribution 

pattern.  
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Results and Discussion 

 

Assembly and modification of two T-DNA binary vectors and production of 

constructs for expressing GFP fused to different chromatin proteins 

We first assembled two T-DNA binary vectors, pCsGFPBT (Figure 2.1A) and 

pFYFPBT (Figure 2.1B). For a more detailed description see Materials and Methods on 

page 59. Next we used these vectors to make constructs for expressing GFP fusion 

proteins. The goal was to evaluate the performance of a number of translational fusions 

of chromatin proteins with GFP in terms of suitability for labeling nuclei. In order to 

assemble a list of candidate chromatin proteins, the Plant Chromatin Database 

(http://www.chromdb.org/) was searched, and the sequences were analyzed using online 

programs “RestrictionMapper” (http://godot.ncgr.org/cgi-

bin/patmatch/RestrictionMapper.pl) for restriction site analysis, and “PSORT” (Version 

for bacterial/plant sequences, http://psort.nibb.ac.jp/form.html) for the prediction of 

protein localization sites in cells. Altogether 17 chromatin protein coding sequences were 

identified that combine a high nuclear localization potential with an absence of NcoI sites 

(Table 1). The sequences were cloned into vector pCsGFPB, from which pCsGFPBT 

was derived, for expressing C-terminal fusions with GFP under the control of the 

constitutive CaMV 35S promoter. The coding sequence for HTR12 (an Arabidopsis core 

histone H3) was also cloned into vector pCsGFPBT for expressing an N-terminal fusion 

with GFP under the control of the CaMV 35S promoter. All constructs were introduced 

into Arabidopsis (Col-0) through Agrobacterium mediated floral dip methods (Clough 
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and Bent, 1998). A minimum of 12 individual (independent) T1 transgenic plants for 

each construct were selected and T2 seeds were produced. 

 

Evaluation of the transgenic plants expressing different translational fusions of 

chromatin proteins using confocal microscopy and through flow cytometric analysis  

 Roots of T1 or T2 transgenic plants were collected and examined using confocal 

microscopy. The distribution of GFP signal between the cytoplasm and the nucleus was 

observed (Table 1). Among the 13 chromatin proteins that were evaluated, only one, 

NFD6 (At4g23800), was not nuclear-localized, despite the ‘PSORT’ program prediction 

that it should have strong potential to be targeted to the nucleus. A methyl binding 

domain-containing protein, MBD4 (At3g63030), was slightly nuclear-localized, having 

most of the GFP signal dispersed throughout the cytoplasm. Another methyl binding 

domain-containing protein, MBD5 (At3g46580), was mostly nuclear-localized, but some 

GFP signal was still visible in the cytoplasm. In addition, the expression level became 

lower close to the root tip.  The GFP fusion with a core histone H3, HTR1 (At5g65360), 

was clearly nuclear localized, but the overall GFP signal was much lower than those of 

other chromatin protein fusions. In this case, the expression was mostly restricted to the 

root tip region below the point of initiation of root hairs. Since HTR1-sGFP and other 

fusion proteins were expressed under the control of the same CaMV 35S promoter, the 

low and domain-restricted expression of HTR1-sGFP was suspected to be the 

consequence of regulatory mechanisms downstream of transcription. A similar 

phenomenon was observed for GFP fusions with core histone HTR10 (At1g19890), but 
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the GFP signal was higher and occurred in broader expression regions. GFP fusions with 

a third core histone H3, HTR12 (At1g01370), were mostly nuclear-localized, with also 

some GFP signals detected in the cytoplasm. Since HTR12 has been demonstrated to be 

associated with centromeric regions using an anti-HTR12 antibody (Talbert et al., 2002), 

we expected to observe ten green foci corresponding to the ten chromosomes of 

Arabidopsis. However, in roots expressing HTR12-sGFP I observed only two intense 

green foci. Further transgenic plants expressing GFP-sHTR12 were produced (Figure 

2.3d), and the expected subnuclear localization pattern was observed (Figure2.5e). 

Linker histones, HON1 (At1g06760) and HON2 (At2g30620), were clearly nuclear 

localized and produced very bright nuclei. However, the expression of HON1-sGFP, 

although under the control of the CaMV 35S promoter, was not expressed uniformly in 

the root. Instead, many irregular patches and/or large portions of the root appeared to 

have lost GFP expression. This phenomenon was observed in 28 of 30 independent T1 

plants. A similar phenomenon was also observed in plants expressing HON2-sGFP under 

the control of the CaMV 35S promoter. Based on the observations described above, I 

decided that NFD6, MBD4, MBD5, HTR1, HTR10, HTR12, HON1, and HON2 were not 

suitable for the purpose of labeling nuclei for FANS in our studies. Thus, we focused on 

the remaining five chromatin proteins, HTA1 (At5g54640, Figure 2.3a), HTA6 

(At5g59870, Figure 2.3c), HTB3 (At2g28720, Figure 2.3b), HTB5 (At2g37470), and 

NFD7 (At5g23420), which showed very clear nuclear localization and were expressed 

uniformly in root cells under control of the CaMV 35S promoter.  
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For flow cytometric analyses, T2 seeds were sterilized and planted on MS agar 

plates containing 30 mg/L of hygromycin. Seedlings of 2-3 weeks-old were collected and 

processed for flow sorting analyses, following the protocol of Galbraith et al. (1983). The 

flow cytometric analyses were carried out by Georgina Lambert and Fangcheng Gong. 

We found that translational fusions of GFP with HTA6, HTB3, and HTB5, but not HTA1 

and NFD7, would label nuclei stably enough to enable sorting of GFP-labeled nuclei. 

Since transgenic plants over-expressing HTA6-sGFP were phenotypically normal and no 

interference to global gene expression was detected using whole genome long 

oligonucleotide microarray analysis, we decided to use the translational fusion between 

HTA6 and sGFP for the next steps of the study. See Chapter 3 for more discussion. 
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Table 2.1. Chromatin proteins selected for translational fusions with sGFP 
 
Gene Locus 
 

 
Protein 

 
Size (aa) 

Predicted 
Nuclear 
Potential 

Observed 
Nuclear 
Localization 

 
Note 

At1g06760 HON1 274 82% +++ H1 
At2g30620 HON2 273 72% +++ H1 
At5g54640 HTA1 130 26% +++ H2A 
At5g59870 HTA6 150 65% +++ H2A 
At2g28720 HTB3 151 87% +++ H2B 
At2g37470 HTB5 138 87% +++ H2B 
At5g65360 HTR1 136 52% +++ H3 
At1g19890 HTR10 137 73% +++ H3 
At1g01370 HTR12 140 13% ++ H3, similar to 

CENP-A 
At3g63030 MBD4 186 82% + Similar to MeCP-2 
At3g46580 MBD5 182 82% ++ Similar to MeCP-2 
At4g23800 NFD6 456 87% 0 Similar to HMG 

box containing 
protein 

At5g23420 NFD7 241 87% +++ HMG box 
containing 

LOC_Os03g58470 HON701 292 96% * H1, rice 
LOC_Os01g31800 HTA701 158 97% * H2A, rice 
LOC_Os01g05950 HTB701 153 77% * H2B, rice 
LOC_Os01g62230 HTB702 139 99% * H2B, rice 

Note: +++: clearly nuclear localized; ++: mostly nuclear localized, but also in cytoplasm; +: slightly 
nuclear localized; 0: not nuclear localized at all; *: nuclear localization observed in transgenic 
callus.  
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Figure 2.1. Assembly and modification of two T-DNA binary vectors for production of 

plasmid constructs that express fusion proteins with sGFP or EYFP in plants. (A) Plasmid 

pCsGFPBT (DQ370426) was assembled using components from plasmid 

pCAMBIA1302 (GenBank Acc.: AF234298) and plasmid pGFP-JS (the Sheen Lab). The 

fragment covering ‘CaMV 35S promoter-TL-sGFP-35S polyA’ was released from pGFP-

JS. The sequence around the stop codon of sGFP coding region was modified after 

assembly to add a BamHI site for cloning. Plasmid vector pCsGFPBT allows both N- and 

C-terminal fusions to sGFP. (B) Plasmid pFYFPBT (DQ370427) was assembled using 

components from plasmid pFGC5941 (GenBank Acc.: AY310901) and plasmid 

pAVA554 (the von Arnim Lab). The fragment covering ‘CaMV 35S promoter-TL-

EYFP-35S polyA’ was released from pAVA554. A transcriptional tag (TAG 2), a 

computer-generated 70bp random sequence, was inserted at the position immediately 

after the stop codon of EYFP coding sequence. Vector pFYFPBT allows both N- and C-

terminal fusions to EYFP. 
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Labeling the nuclei of specific cell types with HTA6-sGFP or HTA6-EYFP fusion 

proteins 

To facilitate the production of plasmid constructs for expressing HTA6-sGFP or 

HTA6-EYFP fusion proteins under the control of cell type-specific promoters, I 

constructed two Gateway-adapted binary vectors, pCGTAG (Figure 2.2A) and pFYTAG 

(Figure 2.2B) that express HTA6-sGFP and HTA6-EYFP fusion proteins, respectively. 

A 135 bp translational leader sequence from tobacco etch virus was in front of the coding 

sequence of HTA6-sGFP (or HTA6-EYFP), with the aim of enhancing translation 

(Carrington and Freed, 1990; Gallie et al., 1995; Gallie, 2001). An attR cassette (rfc.1, 

Invitrogen, Carlsbad CA, USA) was arranged upstream of the translational leader for 

cloning cell type-specific promoters through Gateway LR recombination reactions. Two 

computer-generated 70 bp random sequences were installed immediately after the stop 

codon of the coding sequences of sGFP and EYFP, to serve as transcriptional tags. 

Correspondingly, two 70-mer oligonucleotides representing these two tags were printed 

onto the Arabidopsis whole genome long oligonucleotide microarrays produced in the 

Galbraith lab (http://latin.arizona.edu/%7Edgalbrai/). Consequently, when these arrays 

were used to analyze RNA samples containing sGFP and EYFP transcripts, their 

transcript levels could be determined without cross-hybridization from each other, 

although their coding sequences are very similar (98%). 

The main purpose of constructing vectors pCGTAG and pFYTAG was to clone 

two different cell type-specific promoters to drive HTA6-sGFP and HTA6-EYFP 

expression in two different cell types of the same transgenic plant. This should lead to the 
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nuclei of two different cell types being labeled with sGFP and EYFP in the same plant. If 

these transgenic plants are homogenized following the protocol of Galbraith et al. (1983), 

both sGFP- and EYFP-labeled nuclei would be released into the nuclear suspension. 

When compared in transgenic Arabidopsis roots, signals produced by HTA6-sGFP 

(Figure 2.4b) and by HTA6-EYFP (Figure 2.4a) are different. This difference can be 

easily distinguished by the fluorescence activated cell sorter, which means the nuclei 

labeled by sGFP and by EYFP in the same suspension can be separated and collected 

simultaneously as sources for total RNA preparation. After mRNA amplification, the 

RNA from two different cell types can be compared through DNA microarray analysis. 

Since nuclei from the transgenic plant are sorted simultaneously, less variation is 

introduced into the analysis.  In addition, the hybridization signal of the two transcript 

tags indicates the purity of the sorted nuclei. 

Figures 2.3e-2.3i show five examples of cell type-specific promoters driving 

fusion protein HTA6-sGFP expression in different cell types.  WOODENLEG (Figure 

2.3e) and SHORTROOT (Figure 2.3f) show expression predominantly in the stele of the 

root tip region. SCARECROW (Figure 2.3g) is expressed in the endodermis, the 

endodermis/cortex initials, and quiescent center cells. Sultr2-1 (Figure 2.3h) shows 

expression exclusively in phloem companion cells. In the root tip region, WOX5 (Figure 

2.3i) is mainly expressed in the quiescent center, but also has low-level expression in the 

surrounding initial cells. The flow cytometric analysis of SHORTROOT, Sultr2-1, and 

SCARECROW is presented in Chapter 3. 
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Constructions of four Gateway-adapted binary vectors for production of constructs 

expressing sGFP fusion proteins 

Starting from vector pCsGFPBT (Figure 2.1A), I constructed four more 

Gateway-adapted binary vectors, pCGTNG (Figure 2.1C), pCGTBG (Figure 2.1D), 

pCGTENG (Figure 2.1E), and pCGGG (Figure 2.1F) for different purposes. Vectors 

pCGTNG and pCGTBG are used for producing constructs expressing C- and N-terminal 

fusions to sGFP under the control of the CaMV 35S promoter. These two vectors were 

designed to accommodate genes of interest in an entry vector for both N- and C-terminal 

in-frame fusions. This provides flexibility to the plasmid construction work, because C- 

and N-terminal fusions sometimes give rise to different cellular localization patterns. 

Vector pCGTNG was used for producing plasmid constructs expressing sGFP fusions 

with four rice histone proteins (Table 1). Vector pCGTENG and pCGGG could be used 

to clone the genomic sequence covering both the promoter and the coding region of a 

gene, and to express C-terminal fusions with sGFP or sGFP-GUS chimeric proteins under 

the control of the endogenous promoters.  

The original purpose for constructing these vectors was for their use in our 

technology development project. However, these four vectors, together with pCGTAG, 

pFYTAG, and the two Gateway-adapted RNAi vectors (pFGCGW and pFSPGW) 

presented in Chapter 5, comprise a Gateway binary vector series which should be very 

useful for plant biological studies. The following part of this chapter presents some 

examples of uses of the vectors pCGTNG and pCGTBG to address a simple biological 
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question, the identification of the critical regions in linker histone HON1 that determine 

its subnuclear localization pattern. 
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Figure 2.2. Six Gateway-adapted T-DNA binary vectors for production of plasmid 

constructs for expressing fusion proteins with sGFP or EYFP in plants. (A) Vector 

pCGTAG (DQ370422) has an attR cassette (rfc.1, Invitrogen) inserted in front of ‘TL-

HTA6-sGFP-Tag1-35S polyA’ for cloning cell type-specific promoters. Element ‘TL’ is 

a translational leader sequence from tobacco etch virus. HTA6-sGFP is an open reading 

frame of a fusion protein between HTA6 (Arabidopsis core histone 2A, At5g59870) and 

sGFP (modified by the Sheen Lab with enhanced fluorescence). ‘Tag1’ is a computer-

generated 70 bp random sequence serving as a transcriptional tag. (B) Vector pFYTAG 

(DQ370421) has an attR cassette (rfc.1, Invitrogen) inserted in front of ‘TL-HTA6-

EYFP-Tag2-35S polyA’ for cloning cell type-specific promoters. HTA6-EYFP is a 

fusion protein between HTA6 and enhanced yellow fluorescent protein (EYFP). (C) 

Vector pCGTNG (DQ370425) has an attR cassette (rfa, Invitrogen) inserted in front of 

sGFP for making constructs for expressing C-terminal fusions with sGFP. (D) Vector 

pCGTBG (DQ370423) has an attR cassette (rfa, Invitrogen) inserted in front of the stop 

codon of sGFP for making constructs to express N-terminal fusions with sGFP. (E) 

Vector pCGTENG (DQ370424) is similar to pCGTNG, but with the CaMV 35S 

promoter removed. Vector pCGTENG allows in-frame fusions of endogenous promoter 

and coding region to the N-terminus of sGFP. (F) Vector pCGGG is similar to 

pCGTENG, but expresses fusions of proteins of interest to the N-terminus of a chimeric 

protein between sGFP and GUS (β-glucuronidase). Vectors pCGTAG, pCGTNG, 

pCGTBG, pCGTENG, and pCGGG were derived from pCsGFPBT (Figure 2.1A). 

Vector pFYTAG was derived from pFYFPBT (Figure 2.1B).  
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Figure 2.3. Arabidopsis root tips carrying different transgenes expressing sGFP or sGFP 

fusions with different histone proteins under the control of the CaMV 35S promoter or 

cell type-specific promoters. (a-d) Arabidopsis root tips expressing HTA1-sGFP (a); 

HTB3-sGFP (b); HTA6-sGFP (c); and sGFP-HTR12 (d) under the control of CaMV 35S 

promoter. HTA1 (At5g54640) and HTA6 (At5g59870) are core histone 2A variants. 

HTB3 (At2g28720) is a core histone 2B. HTR12 (At1g01370) is a core histone 3. The 

transgene constructs in (a-c) were constructed using vector pCsGFPB, and the construct 

in (d) was constructed using vector pCsGFPBT (Figure 2.1B). The green dots represent 

individual nuclei expressing histone-sGFP fusion proteins. (e-i) Arabidopsis root tips 

expressing HTA6-sGFP fusion protein under the control of the regulatory sequences of 

(e) WOODENLEG (At2g01830, 2.1kb, expression in the stele); (f) SHORTROOT 

(At4g37650, 2.5kb, expression in the stele); (g) SCARECROW (At3g54220, 2.1kb, 

expression in the endodermis), (h) Sultr2-1 (At5g10180, 2.0kb, expression in the phloem 

companion cells); and (i) WOX5 (At3g11260, 2.6kb). The transgene constructs in (e-i) 

were constructed using vector pCGTAG (Figure 2.2A). (j) Arabidopsis root tips 

expressing sGFP under the control of CaMV 35S promoter (vector pCsGFPB only). 
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Figure 2.4. Comparison between HTA6-sGFP and HTA6-EYFP. Arabidopsis root tips 

carrying transgenes CaMV 35S-HTA6-EYFP (A) and CaMV 35S-HTA6-sGFP (B) were 

observed in the same view under a confocal microscope. HTA6-EYFP produces a 

slightly more yellowish color. 

A B



 
 
 
  48 

The subnuclear localization patterns of Arabidopsis linker histone HON1 

Almost all of the chromatin proteins tested as fusion partners for GFP gave rise to 

fluorescence patterns that were nuclear-localized (Table 2.1). Some of them also showed 

interesting subnuclear distribution patterns. For example, HTA1-sGFP (Figure 2.5g) is 

distributed throughout the nucleoplasm and decorates a complex network with a few 

large black lacunae (representing a lack of GFP signal). HTA6-sGFP (Figure 2.5f) and 

sGFP-HTR12 (Figure 2.5e) show uneven distribution with a number of green foci. 

However, one of the most striking patterns was observed for the HON1-sGFP fusion 

protein. Within a single nucleus, HON1-sGFP (Figure 2.5a1, a2) highlights up to eleven 

green foci, which are in much greater contrast than any foci revealed by HTA6-sGFP or 

sGFP-HTR12. Among the green foci, almost always one is obviously larger than the rest. 

This pattern of eleven green foci is more obvious in epidermal cells, such as trichomes 

and root-hairs (Table 2). In tetraploid Arabidopsis (2n = 20), HON1-sGFP highlights up 

to 21 foci (Figure 2.5c1, c2). In Thellungiella halophila (2n = 14), a species related to 

Arabidopsis, having seven pairs of chromosomes rather than five, HON1-sGFP highlights 

up to 15 green foci (Figure d1, d2). I suspected that these green foci are associated with 

the chromocenters, which include the centromeric and pericentromeric heterochromatin 

(Fransz et al., 2002; Maluszynska and Heslop-Harrison, 1991). I therefore counterstained 

the HON1-sGFP labeled nuclei with DAPI, which had been demonstrated in Arabidopsis 

interphase cells to selectively stain heterochromatin. 
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Figure 2.5. Subnuclear localization patterns of Arabidopsis linker histone HON1 

and core histones HTA1, HTA6, and HTR12. Confocal images of individual nuclei of 

interphase cells in the roots of transgenic Arabidopsis (a-c, g-f) or Thellungiella 

halophila (d1, d2) show uneven distribution patterns of sGFP fusion proteins. The 

expression of sGFP fusion proteins are under the control of CaMV 35S promoter. The 

fusion proteins include: a1, a2, c1, c2, d1, d2: HON1-sGFP; b: sGFP-HON1; e: sGFP-

HTR12; f: HTA6-sGFP; and g: HTA1-sGFP. HON1-sGFP highlights up to 11 green foci 

in each nucleus (a1, a2). One of these is larger than the rest (arrow). The nucleus in (a2) 

shows the typical shape of a root-hair cell nucleus. Fusion protein sGFP-HON1 (b) shows 

a similar subnuclear distribution pattern to that of HON1-sGFP (a1, a2). Fusion proteins 

sGFP-HTR12 (e) and HTA6-GFP (f) show uneven distribution patterns, similar to that of 

HON1-sGFP (a, b), but with less contrast. Fusion protein HTA1-sGFP (g) is distributed 

throughout the nucleoplasm, and produces a network structure with a few large and many 

small black holes (representing a lack of GFP signal). (c1, c2) HON1-sGFP in tetraploidy 

Arabidopsis nuclei highlights up to 21 green foci. (d1, d2) HON1-sGFP in T. halophila 

(a relative species of Arabidopsis, 2n = 14) highlights up to 15 green foci.  
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20 

20 

40 

20 

No. of nuclei examined 

 

 9.4 + 1.8Root hair cell 

 8.4 + 1.6Pavement cell 

 4.6 + 1.5Guard cell 
10.9 + 0.6Trichome cell 
No. of green spots Cell type 

Table 2.2. 
Number of green spots highlighted by HON1-GFP in selected cell types 
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The green foci highlighted by HON1-sGFP overlap the signals produced by DAPI 

counterstaining 

To determine if the HON1-sGFP highlighted green foci were indeed associated 

with heterochromatin, we counterstained nuclei released from roots which had been fixed 

by a short treatment with formaldehyde at 4oC. I found that all the green foci, except the 

largest one, coincided with the DAPI signals (Figure 2.6). The largest green foci were 

generally flanked by one or two DAPI foci. Following the findings by Fransz et al. 

(2002), I speculated that the ten regular green foci highlighted by the HON1-sGFP fusion 

protein represent the ten chromocenters, which contain heavily methylated and mostly 

repetitive DNA sequences, and the obviously larger focus represents the nucleolus 

flanked by nucleolar organizer regions.  

Based on the above speculation, I wondered whether a reduced overall level of 

methylation might affect the morphology of the green foci. So, I constructed an RNA 

interference (RNAi) construct targeting against the transcript of Methyl Transferase 1 

(MET1). MET1 is a maintenance methyltransferase that functions most effectively on 

symmetric CpG sites.  Disruption of MET1 function is accompanied by a reduced level 

of genomic DNA methylation, which may lead to a reversal of transcriptional gene 

silencing (Finnegan et al., 1996; Morel et al., 2000; Ronemus et al., 1996). In nuclei of 

doubly transgenic plants carrying the RNAi construct, the regular green foci highlighted 

by HON1-sGFP became smaller and less distinctive, while the largest increased in size 

(data not shown). 
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I recognized that the above were only preliminary observations, and with these 

results, it was not possible to precisely determine which nuclear regions were targeted by 

the HON1-sGFP fusion protein. However, I believed that the clear subnuclear 

localization pattern indicated that HON1-sGFP was indeed associated with chromatin 

complexes. I thought this could serve as a starting point for dissecting HON1 protein. By 

creating a series of partial deletion mutants, it should be possible to identify the regions 

that are required for the observed subnuclear distribution pattern, and those regions 

should also be critical for the association of HON1 with chromatin complex. The results 

might provide further understanding of the biological functions of HON1.  
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Figure 2.6. The green foci highlighted by HON1-sGFP overlap the signals produced by 

DAPI counterstaining. Arabidopsis roots expressing HON1-sGFP under the control of 

CaMV 35S promoter were fixed in 4% formaldehyde at 4oC for 40 minutes. The roots 

were than chopped in a buffer (Galbraith et al., 1983) to release the nuclei.  The nuclei 

were counterstained with 4’-6-Diamidino-2-phenylindole (DAPI) before images were 

taken. Signals of GFP and DAPI of three individual nuclei (A, B, and C) were taken 

separately. The overlaid images were processed using Photoshop 7.0. All the green foci 

(GFP signal) except the largest ones overlap the DAPI signals. In nucleus B, the largest 

green focus (arrow) is flanked by two small DAPI foci (arrow heads). 

GFP DAPI Overlay

A 

B 
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Identification of the regions within the HON1 protein required for the observed 

subnuclear distribution pattern 

The primary sequence of Arabidopsis linker histone HON1 comprises 274 aa, 

with a highly conserved globular domain (61 aa), a short N-terminal tail (61 aa), and a 

long C-terminal tail (152 aa). It has a predicted (PSORT, 

http://psort.nibb.ac.jp/form.html) nuclear localization signal (NLS) 

(KKKPATVAVTKAKRKVA) at position 148-164. Between the predicted NLS and the 

globular domain are 26 amino acids.  

From the previous experiments, I had established that fusion protein HON1-sGFP 

was nuclear-localized and showed an uneven subnuclear distribution. It highlighted up to 

eleven green foci in one nucleus, and this pattern remained when HON1 was fused to the 

C-terminus of sGFP, sGFP-HON1 (Figure 2.5b). To determine the regions within the 

HON1 protein that are required for the observed subnuclear distribution pattern, I 

produced plasmid constructs expressing translational fusions of a series of partial deletion 

mutants of HON1 with sGFP under the control of the CaMV 35S promoter. These 

constructs were introduced into Arabidopsis ecotype Columbia (Col-0). 

In nuclei of transgenic root cells, I found that constructs deleting the N-terminal 

tail (Figure 2.7b) resulted in a pattern similar to that of the whole protein (Figure 2.7a). 

However, when 102 aa were deleted from the C-terminal tail, the pattern changed 

dramatically. Of the eleven green foci, ten disappeared (Figure 2.7c). This observation is 

consistent with a report that the C-terminal tail is the primary determinant of H1 binding 

to chromatin (Hendzel et al., 2004). Further, deletion of the 26 aa between the globular 
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domain and the predicted NLS retained the subnuclear distribution pattern, but the GFP 

signal became weak and very sensitive to photobleaching (Figure 2.7e). Next, when the 

globular domain was deleted, which meant that the N- and C-terminal tails were joined 

and fused to sGFP, the GFP signal became very weak (Figure 2.7f). Nevertherless, the 

uneven subnuclear distribution pattern was still apparent under the fluorescence 

microscope. However, when images were taken using laser scanning confocal 

microscopy (LSCM), the GFP signal disappeared immediately, indicating the fusion 

protein was extremely sensitive to photobleaching. My speculation is that, when the 

globular domain was deleted, the protein became unstable, and was rapidly degraded.  

One of the most surprising observations was that, when the C-terminal tail 

(without the globular domain or the N-terminal tail) was fused to sGFP, the fusion 

protein gave strong GFP signals and displayed the same subnuclear distribution pattern as 

for the complete protein (Figure 2.7d). This observation suggests that the C-terminal tail 

of HON1 determines the subnuclear distribution pattern independent of the globular 

domain. Together with the observation accompanying the deletion of the globular domain 

(joining the N-terminal tail to the C-terminal tail), the results also suggest that the N-

terminal tail might serve as a target for regulation of protein stability. If this can be 

confirmed, it will be the first specific function associated with the N-terminal tail of a 

linker histone. 
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Figure 2.7. The subnuclear localization patterns of different truncated forms of linker 

histone HON1. Confocal images of individual nuclei were taken from transgenic 

Arabidopsis roots expressing sGFP fusion proteins with different truncated forms of 

linker histone HON1 under the control of CaMV 35S promoter. The images show sGFP 

C-terminal fusions with (a) the entire HON1 protein, (b) deletion of 50 amino acids from 

the N-terminus, (c) deletion of 102 amino acids from the C-terminus, (d) only the C-

terminal tail (152 amino acids), (e) deletion of the 26 amino acids immediately after the 

globular domain (122-147), and (f) deletion of the globular domain (62-121). Deletion of 

the N-terminal tail (b) or the C-terminal tail only (d) show similar patterns as the entire 

HON1 protein (a). When the C-terminal tail was deleted (c), only one of the 11 green foci 

was left. Deletion of the middle 26 amino acids (e) retained the pattern, but with much 

less contrast. When the globular domain was deleted (f), the signal of the sGFP fusion 

protein became weak and was very sensitive to photo-bleaching.  

cb a d 

e f 
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Confirmation of the predicted nuclear localization signal (NLS) within the C-

terminal tail of HON1 and the subnuclear distribution pattern of the C-terminal tail 

without the NLS 

Within the C-terminal tail of HON1, a 17aa NLS was predicted by the ‘PSORT’ 

program (http://psort.nibb.ac.jp/form.html). In order to test whether this predicted NLS 

was indeed able to direct targeting of the fusion protein into the nucleus, I produced a 

plasmid construct expressing a fusion protein of sGFP to the NLS and nine flanking 

amino acid residues. In the roots of transgenic plants, I found the GFP signal was 

predominantly localized within nuclei (Figure 2.8a), indicating the predicted NLS 

sequence was functional. Interestingly, I found the sGFP fusion protein was not evenly 

distributed within the nucleus. Instead, a large focus of fluorescence was seen (Figure 

2.8a1). This pattern was similar to that observed in the mutant with 102 aa deleted from 

the C-terminal tail (Figure 2.7c). Since this deletion mutant also retained the NLS and 

the flanking nine amino acid residues, I believe that the NLS leads to the accumulation of 

fusion protein to form the green focus. 

As a control, I also produced a plasmid construct for expressing a fusion protein 

to sGFP of the C-terminal tail following the NLS. Since the NLS was not included in the 

fusion protein, I expected to see GFP signal throughout the cytoplasm. However, the 

fusion protein is still clearly nuclear-localized (Figure 2.8b), and its distribution pattern 

within the nucleus (Figure 2.8b1) is similar to that of the wild type protein (Figure 2.7a). 

This observation suggests that the C-terminal tail of HON1 has additional NLSs. 

Alternatively, the C-terminal tail may interact with other nuclear-localized proteins and 

be co-transported into the nucleus.  
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Figure 2.8. Confirmation of the predicted nuclear localization signal (NLS) within the 

HON1 C-terminal tail and the subnuclear distribution of the C-terminal tail without the 

NLS. (a) A confocal image of an Arabidopsis root fragment expressing sGFP fusion 

protein with a predicted NLS (sequence in red) and 9 additional amino acid residues 

within the C-terminal tail (APAKKKPATVAVTKAKRKVAAASKAK) shows clear 

nuclear localization. (a1) A close-up image of one nucleus from (a) shows a big green 

focus. (b) A confocal image of an Arabidopsis root fragment expressing sGFP fusion 

protein with a 109aa fragment which excluded the NLS showing clear nuclear 

localization. (b1) A close-up image of a nucleus from (b) shows a similar subnuclear 

localization pattern to that of the HON1 whole protein (Figure 2.7a). 

a a1

b b1
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Conclusions 

(1) This chapter presents the assembly and modification of two regular T-DNA 

binary vectors and six Gateway-adapted T-DNA binary vectors, designed for different 

purposes. They have been successfully used in our technology development project and 

in addressing other biological questions. The sequence information of these vectors has 

been deposited in GenBank to facilitate their use by other plant research laboratories. (2) 

Through testing a series of different chromatin proteins, we identified a protein (HTA6) 

suitable for translational fusion with sGFP for stably labeling nuclei. (3) We developed a 

system for cloning cell type-specific promoters to drive the expression of HTA6-sGFP 

fusion protein in specific cell types. (4) By creating a series of partial deletion mutants of 

the HON1 protein, we discovered that the C-terminal tail of HON1 determined its 

subnuclear distribution independent of the globular domain. The results also suggested 

that the N-terminal tail might serve as a regulatory target associated with protein stability. 
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 Materials and Methods 

Recombinant constructions 

All general molecular manipulations were done according to standard procedures 

(Sambrook et al., 1989).  PfuUltraTM high-fidelity DNA polymerase (Stratagene, La Jolla 

CA, USA) was used for PCR-based amplification of fragments for cloning.  

Construction of pCsGFPB To construct a T-DNA binary vector for expressing 

GFP in plants, a 2445 bp fragment containing the sGFP expression cassette was released 

with HincII and SspI from pGFP-JS (Jen Sheen, Massachusetts General Hospital, Boston 

MA) and inserted into pCAMBIA1302 (GenBank Acc.: AF234298) between the SmaI 

(9755) and PmlI (752) sites. For the convenience of discussion, we call this reassembled 

vector “pCsGFPB.” Plasmid vector pCsGFPB allows only C-terminal fusions to sGFP 

using the NcoI restriction site. 

Construction of pCsGFPBT  Vector pCsGFPB was further modified by 

removing the stop codon (TAA) of the GFP open reading frame as well as the following 

14 bp. This modification aligned the contiguous BamHI and XbaI sites with the sGFP 

open reading frame, and led to three amino acids (Gly-Ile-Leu) being added to the 

original sGFP; the “TAG” within the XbaI site became the new stop codon. The resultant 

plasmid is named pCsGFPBT, and the sequence information was deposited in GenBank 

(Acc.: DQ370426). Plasmid vector pCsGFPBT allows both N- and C-terminal fusions to 

sGFP, using the BamHI and NcoI restriction sites, respectively. 

 Construction of pCGTAG A computer-generated 70 bp random sequence 

(CGAAT GTAGT ACGTA TTCTC CGAAC TGAAG CACCT GAGAC GTGTA 
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ATGTC GGGCC ATCTC ATACG TACGG) was inserted immediately after the stop 

codon of sGFP coding sequence in pCsGFPBT, to serve as a transcriptional tag (Tag1) 

for monitoring the sGFP mRNA level using microarrays printed with the appropriate 

complementary sequence. The Arabidopsis core histone HTA6 (At5g59870) coding 

sequence (450 bp) was PCR amplified from a cDNA first strand preparation, using 

forward primer 5'-CATGC CATGG AATCC ACCGG AAAAG TG-3' and reverse 

primer 5'-CATGC CATGG CAGCT TTCTT TGGAG ACTTG ACTG-3'. The cDNA 

first strand was prepared using reverse transcriptase SuperScript II following the 

manufacturer’s recommendations (Invitrogen, Carlsbad CA, USA). The amplified 

fragment was inserted into the NcoI site of pCsGFPBT. This provided an in-frame fusion 

of HTA6 to the N-terminus of sGFP, which is downstream of the enhanced CaMV 35S 

promoter.  Finally, the CaMV 35S promoter (780 bp) upstream of sGFP was excised 

using EcoRI; and an attR cassette (rfc.1, Invitrogen, Carlsbad CA, USA) was installed. 

This Gateway-adapted vector is called pCGTAG, and its sequence information was 

deposited in GenBank (Acc.: DQ370422). Gateway vector pCGTAG is used to clone cell 

type-specific promoters to drive the expression of HTA6-sGFP fusion protein. 

Construction of pCGTNG Plasmid pCsGFPBT was digested with NcoI and the 

DNA polymerase I large (Klenow) fragment was used to fill-in the 5’ overhangs. Then an 

attR cassette (rfa, Invitrogen, Carlsbad CA, USA) was inserted. Orientation was 

determined by restriction digestion and sequencing. The resultant plasmid is called 

pCGTNG, and its sequence information was deposited in GenBank (Acc.: DQ370425). 
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Gateway vector pCGTNG is used to produce constructs expressing C-terminal fusions to 

sGFP under the control of the CaMV 35S promoter. 

Construction of pCGTENG  Plamid pCsGFPBT was double-digested 

with EcoRI and NcoI to remove the CaMV 35S promoter and the translational leader 

sequence, and the DNA polymerase I large (Klenow) fragment was used to fill in the 5’ 

overhangs. Then an attR cassette (rfa, Invitrogen, Carlsbad CA, USA) was inserted. 

Orientation was determined by restriction digestion and sequencing. The resultant 

plasmid is named pCGTENG, and its sequence information was deposited in GenBank 

(Acc.: DQ370424). Gateway vector pCGTENG is used to clone the genomic DNA 

sequence containing both the promoter and the coding region of a gene, and to express C-

terminal fusion with sGFP under the control of the endogenous promoter. 

Construction of pCGTBG Plasmid pCsGFPBT was digested with BamHI and 

the DNA polymerase I large (Klenow) fragment was used to fill-in the 5’ overhangs. An 

attR cassette (rfa, Invitrogen, Carlsbad CA, USA) was then inserted. Orientation was 

determined by restriction digestion and sequencing. The resultant plasmid is named 

“pCGTBG”, and its sequence information was deposited in GenBank (Acc.: DQ370423). 

Gateway vector pCGTBG is used to produce constructs expressing N-terminal fusions to 

sGFP under the control of CaMV 35S promoter. 

Construction of pCGGG The coding sequence (1812bp) of GUS (β-

glucuronidase) was PCR amplified from pENTR-GUS (Invitrogen, Carlsbad CA, USA), 

using forward primer 5'- GTTCG GGATC CTGAT GGTCC GTCCT GTAGA AACC -3' 

and reverse primer 5'- CAACG GGATC CTTAT TGTTT GCCTC CCTGC TGCG -3'. 
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The PCR product was digested with BamHI and then ligated with pCsGFPBT, which was 

linearized with BamHI and treated with Calf Intestinal Alkaline Phosphatase (New 

England Biolabs, Ipswich Ma, USA). Clones with the GUS insert in correct orientation 

were determined by restriction digestion and sequencing. The resultant plasmid was then 

double-digested with EcoRI and NcoI to remove the CaMV 35S promoter and the 

translational leader sequence, and the DNA polymerase I large (Klenow) fragment was 

used to fill in the 5’ overhangs. An attR cassette (rfa, Invitrogen, Carlsbad CA, USA) was 

then inserted. Orientation was determined by restriction digestion and sequencing. The 

resultant plasmid is named pCGGG. Gateway vector pCGGG is used to clone the 

genomic sequence containing both the promoter and the coding region of a gene, and to 

express C-terminal fusions with sGFP-GUS chimeric protein under the control of the 

endogenous promoter. 

Construction of pFYFPBT Plasmid pAVA554 was kindly provided by Dr. 

Albrecht von Arnim (Department of Plant Cell and Developmental Biology, University 

of Tennessee, Knoxville TN, USA). A computer-generated 70 bp random sequence (5’- 

GTATC GGTAC ATGCA AGCGA GTAAT GCACG ACGTA GGTGG TTATA 

TATGC GCTAC CCTGG GCAGT CACTA -3’) was inserted immediately after the stop 

codon of EYFP coding sequence in pAVA554 to serve as a transcriptional tag (Tag 2) for 

monitoring the EYFP mRNA level using microarrays printed with the appropriate 

complementary sequence. From the resultant plasmid, a 1942 bp SmaI/HindIII fragment 

containing the EYFP expression cassette was released and ligated with a 7822 bp DNA 

fragment generated from plasmid vector pFGC5941. Plasmid pFGC5941 (provided by 
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Drs. Carolyn Napoli and Richard Jorgensen, Department of Plant Sciences, University of 

Arizona, Tucson AZ, USA) was first digested with EcoRI, and then the DNA polymerase 

I large (Klenow) fragment was used to fill in the 5’ overhang. Next the linearized and 

blunt-ended plasmid was further digested with HindIII to remove a 3584 bp fragment 

(containing the promoter, RNAi cloning sites, and the OCS3 terminator) to generate a 

HindIII-compatible sticky end. The resulting fragment (7822 bp) was applied to the 

ligation as described above. The resultant plasmid (9761 bp) is named pFYFPBT, and its 

sequence information was deposited in GenBank (Acc.: DQ370427). Plasmid vector 

pFYFPBT allows both N- and C-terminal fusions to EYFP using BglII and NcoI, 

respectively.  

Construction of pFYTAG The Arabidopsis core histone HTA6 (At5g59870) 

coding sequence (450 bp) was PCR amplified from a cDNA first strand preparation, 

using forward primer 5'-CATGC CATGG AATCC ACCGG AAAAG TG-3' and reverse 

primer 5'-CATGC CATGG CAGCT TTCTT TGGAG ACTTG ACTG-3'. The cDNA 

first strand was prepared using reverse transcriptase SuperScript II following the 

manufacturer’s recommendations (Invitrogen, Carlsbad CA, USA). The amplified 

fragment was inserted into the NcoI site of pFYFPBT. This provides an in-frame fusion 

of HTA6 to the N-terminus of EYFP. Next, the plasmid was digested with EcoRI to 

remove the CaMV 35S promoter, and then DNA polymeras I large (Klenow) fragment 

was used to fill in the 5’ overhang. Finally, an attR cassette (rfc.1, Invitrogen, Carlsbad 

CA, USA) was inserted. Orientation was determined by restriction digestion and 

sequencing. The resultant plasmid is named pFYTAG, and its sequence information was 
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deposited in GenBank (Acc.: DQ370421). Gateway vector pFYTAG is used to clone cell 

type-specific promoters to drive the expression of HTA6-EYFP fusion protein. 

Production of constructs for expressing sGFP fusion proteins with different 

chromatin proteins The cDNA sequences of 17 different chromatin genes were 

collected from the Plant Chromatin Database (http://www.chromdb.org/). Primers were 

designed for amplifying the open reading frames (ORF) of these genes. The names of the 

genes, length of the ORFs, and the primers are listed below. HON1 (At1g06760, 822 bp), 

forward primer: 5'- CATGC CATGG GCATG TCAGA GGTGG AAATA GAG -3'; and 

reverse primer: 5'- CATGC CATGG CCTTC TTAAC CCTAG AAGAA GCC -3'. 

HON2 (At2g30620, 819 bp), forward primer: 5'- CATGC CATGG GCATG TCTAT 

AGAGG AAGAA AACGT TCC -3'; and reverse primer: 5'-CATGC CATGG CCTTC 

TTAGC CTTCC TAGTC GAAGC -3'. HTA1 (At5g54640, 390 bp), forward primer: 5'-

 CATGC CATGG CTGGT CGTGG AAAAA CTC -3; and reverse primer: 5'- CATGC 

CATGG CATCT TCCTG AGGCT TTGAA GCAC -3'. HTA6 (At5g59870, 450 bp), 

forward primer: 5'- CATGC CATGG AATCC ACCGG AAAAG TG -3'; and reverse 

primer: 5'- CATGC CATGG CAGCT TTCTT TGGAG ACTTG ACTG -3'. HTB3 

(At2g28720, 453 bp), forward primer: 5'- CATGC CATGG CACCA AAAGC CGGAA 

AG -3'; and reverse primer: 5'- CATGC CATGG CAGAG CTAGT AAACT TAGTA 

ACAGC C -3'. HTB5 (At2g37470, 414 bp), forward primer: 5'- CATGC CATGG 

CGCCG AAAGC AGCGG AG -3'; and reverse primer: 5'- CATGC CATGG CACTG 

GTGAA TTTGG TAACC GC -3'. HTR1 (At5g65360, 408 bp), forward primer: 5'-

 CATGC CATGG CTCGT ACCAA GCAAA CC -3'; and reverse primer: 5'- CATGC 
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CATGG CAGCC CTCTC GCCTC TAATT C -3'. HTR10 (At1g19890, 411 bp), forward 

primer: 5'- CATGC CATGG CACGT ACGAA GCAAA CTG -3'; and reverse primer: 5'-

 CATGC CATGG CAGCA CGTTC CCCAC GAATG C -3'. HTR12 (At1g01370, 534 

bp), forward primer for C-terminal fusion: 5'- CATGC CATGG CGAGA ACCAA 

GCATC G -3'; forward primer for N-terminal fusion: 5'- CATAC GGGAT CCCAAT 

GGCGA GAACC AAGCA TCG -3'; reverse primer for C-terminal fusion: 5'- CATGC 

CATGG CCCAC GGTCT GCCTT TTCCT C -3'; and reverse primer for N-terminal 

fusion: 5'- GTCAC GGGAT CCTCA CCATG GTCTG CCTTT TCC -3'. MBD4 

(At3g63030, 558 bp), forward primer: 5'- CATGC CATGG GCATG AAGGA AGAGG 

AGGAG ATC -3'; and reverse primer: 5'- CATGC CATGG CGTTA TGGCT CTGCT 

TGACA CTG -3'. MBD5 (At3g46580, 546 bp), forward primer: 5'- CATGC CATGG 

GCATG TCGAA CGGCA CGGAT CAG -3'; and reverse primer: 5'- CATGC CATGG 

CGAAC ATCGT TTTTC CAGCG TTTTG -3'. NFD6 (At4g23800, 1368 bp), forward 

primer: 5'- CATGC CATGG CGACC AACGC AGATC C -3'; and reverse primer: 5'-

 CATGC CATGG CGCTA CTGGT AGTAG CCGCA G -3'. NFD7 (At5g23420, 723 

bp), forward primer: 5'- CATGC CATGG CTGGA CCATC GACAA C -3'; and reverse 

primer: 5'- CATGC CATGG CGTAG TCATC CAAAA TCTCT TCTTC C -3'. HON701 

(LOC_Os03g58470, 879 bp), forward primer: 5'- CACCA TGGCG ACCGA CGTGG 

CAG -3'; and reverse primer: 5'- CTTCT TCGCC TTCCG GGC -3'. HTA701 

(LOC_Os01g31800, 588 bp), forward primer: 5'- CACCA TGGAC GCCGC CGGAG 

CC -3'; and reverse primer: 5'- GGCCT TCTTG GGGGA CTTGC CGG -3'. HTB701 

(LOC_Os01g05950, 459 bp), forward primer: 5'- CACCA TGGCG CCCAA GGCGG 
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AGAAG -3'; and reverse primer: 5'- GGAGG AAGTG AACTT GGTAA CGGCCT 

TGGTGC -3'. HTB702 (LOC_Os01g62230, 417 bp), forward primer: 5'- CACCA 

TGGCG CCCAA GGCGG AGAAG -3'; and reverse primer: 5'- AGACG ACGTG 

AACTT GGTGA CGGCC -3'. 

The primers listed above were used to amplify the ORFs of the genes from two 

cDNA first strand preparations from total RNA isolated from Arabidopsis (Col-0) 

seedlings and from the leaf of rice (Oryza sativa cv. Nipponbare) plants, respectively. 

The cDNA first strand was synthesized using reverse transcriptase SuperScript II 

following the manufacturer’s recommendations (Invitrogen, Carlsbad CA, USA). The 

PCR products corresponding to the ORFs of HON1, HON2, HTA1, HTA6, HTB3, HTB5, 

HTR1, HTR10, HTR12 (C-terminal fusion), MBD4, MBD5, NFD6, and NFD7 were 

digested with NcoI, and were inserted into vector pCsGFPB at the NcoI site. The PCR 

product corresponding to the ORF of HTR12 (N-terminal fusion) was digested with 

BamHI, and was inserted into vector pCsGFPBT at the BamHI site. The PCR products 

corresponding to the ORFs of HON701, HTA701, HTB701, and HTB702 were cloned to 

vector pENTR/D-TOPO (Invitrogen, Carlsbad CA, USA). The resultant plasmids were 

then linearized with EcoRV, EcoRV, HincII, and EcoRV, respectively. These linearized 

plasmids were employed in the Gateway LR reaction, to insert the individual ORF 

sequences into the Gateway-adapted T-DNA binary vector pCGTNG.  

Production of constructs for expressing HTA6-GFP fusion protein under the 

control of different cell type specific promoters Genomic sequences immediately 

upstream of the start codons of the SCARECROW (SCR, At3g54220), Sulphate 
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transporter 2-1 (Sultr2-1, At5g10180), SHORTROOT (SHR, At4g37650), WODENLEG 

(WOL, At2g01830), and WOX5 (At3g11260) coding regions were PCR amplified. A 

2131 bp fragment for SCR was amplified with forward primer 5’- CACCG GATAA 

GGGAT AGAGG AAGAG G -3’ and reverse primer 5’- GGAGA TTGAA GGGTT 

GTTGG TCG -3’. A 2048 bp fragment for Sultr2-1 was amplified with forward primer 

5’- CACCG CTGAC AACTA ACACT CCTC -3' and reverse primer 5’- CTTCT 

TCTCG AGTTT TGACG TTGTG -3’. A 2495 bp fragment for SHR was amplified with 

forward primer 5’- CACCG GACAA AGAAG CAGAG CGTGG -3’ and reverse primer 

5’- TTAAT GAATA AGAAA ATGAA TAGAA GAAAG GGAGA CCCAC -3’. A 

2080 bp fragment for WOL was amplified with forward primer 5'- CACCT ACTGT 

CTCTA AGCGC ACG -3' and reverse primer 5'- CTGAG CTACA ACAAT AGAGA 

ACAAA AGAAG -3'. A 2679 bp fragment for WOX5 was amplified with forward primer 

5'- CACCA GTTAA CTCGG ACCGA CTTAA AACAC TATTA TTGAT GAAGC 

GCG -3', and reverse primer 5'- TGTCG ACGAC GTCTG TTCAG ATGTA AAGTC 

CTCAA CTG -3'. The five fragments were then cloned into the Gateway entry vector 

pENTR/D-TOPO (Invitrogen, Carlsbad CA, USA). The plasmids carrying the regulatory 

sequences of SCR, Sultr2-1, SHR, WOL, and WOX5 were linearized with restriction 

enzymes EcoRV, EcoRV, EcoNI, EcoRV, and DrdI, respectively. These linearized 

plasmids were employed in the Gateway LR reactions, to insert the individual regulatory 

sequences into the Gateway-adapted T-DNA binary vector pCGTAG. 

Production of constructs for expressing sGFP fusion proteins with HON1 

partial deletion mutants Primers were designed for amplifying DNA fragments 
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encoding the complete HON1 protein or different HON1 partial deletion mutants. For the 

complete HON1 protein, the two primers are: forward primer (GWHON1F) 5'- CACCA 

TGTCA GAGGT GGAAA TAGAG -3' and reverse primer (OHON1R) 5'- TCACT 

TCTTA ACCCT AGAAG AAGCC -3'. These two primers, GWHON1F and OHON1R, 

were repeatedly used in combination with other primers for amplifying DNA fragments 

encoding HON1 deletion mutants. The other primers are listed below. For deletion of the 

N-terminal 50 aa, the following oligonucleotides were used: forward primer 5'- CACCA 

TGGCT GCCGC TCCGA AGAAG AGAAC -3' and reverse primer OHON1R. 

Oligonucleotides for deletion of the C-terminal tail were as follow: forward primer 

GWHON1F and reverse primer 5'- CTTCT TAGCC TTGGA AGCCG CAG -3'. For 

deletion of the globular domain, the forward primer was GWHON1F; the middle junction 

forward primer (for PCR linking the two fragments flanking the globular domain) was 5'-

 GATGG GAGTT TAAAC GAGGC TTTAG ATGAA ACAGT TCTCT TCTTC GG -3'; 

the middle junction reverse primer was 5'- CCGAA GAAGA GAACT GTTTC ATCTA 

AAGCC TCGTT TAAAC TCCCA TC -3'; and the reverse primer was OHON1R. For 

deletion of the 26 aa between the globular domain and the predicted NLS, the forward 

primer was GWHON1F; the middle junction forward primer was 5'- CACAG TCGCC 

GGTTT CTTCT TGACC TTCAC AAGCT TCCCA G -3'; the middle junction reverse 

primer was 5'- CTGGG AAGCT TGTGA AGGTC AAGAA GAAAC CGGCG ACTGT 

G -3'; and the reverse primer was OHON1R. For the complete C-terminal tail, the 

forward primer was 5'- CACCA TGAAA GCCTC GTTTA AACTC CCATC G -3' and 

the reverse primer was OHON1R. For the predicted NLS, the forward primer was 5'-
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 CACCA TGGCG AAGAA GAAAC CGGCG AC -3' and the reverse primer was 5'-

 CTTCT TAGCC TTGGA AGCCG CAG -3'. For the C-terminal fragment without the 

predicted NLS, the forward primer was 5'- CACCG TCGCT GCGGC TTCCA AGG -3' 

and the reverse primer was OHON1R. 

The primer pairs or primer groups listed above were used for PCR amplification 

of DNA fragments encoding HON1 protein, or its deletion mutants. The DNA template 

for PCR reactions was cDNA first strands synthesized from total RNA, which was 

isolated from Arabidopsis (Col-0) seedlings.  The cDNA first strand was synthesized 

using reverse transcriptase SuperScript II following the manufacturer’s recommendations 

(Invitrogen, Carlsbad CA, USA). The PCR products corresponding to HON1 protein (822 

bp), N-terminal deletion (672 bp), C-terminal deletion (516 bp), deletion of the globular 

domain (639 bp), deletion of the 26aa (744 bp), the complete C-terminal tail (453 bp), the 

predicted NLS fragment (82 bp), and the C-terminal fragment (333 bp) were then cloned 

into vector pENTR/D-TOPO (Invitrogen, Carlsbad CA, USA). The resultant plasmids 

were then linearized with EcoRV. The linearized plasmids were employed in the 

Gateway LR reaction, to insert the individual DNA sequences into the Gateway-adapted 

T-DNA binary vector pCGTBG to generate constructs for expressing N-terminal fusions 

to sGFP. The linearized plasmids bearing the sequences encoding HON1 protein, N-

terminal deletion, C-terminal deletion, deletion of the globular domain, and deletion of 

the 26 aa were also employed to Gateway LR reaction with vector pCGTNG, to generate 

constructs for expressing C-terminal fusions to sGFP. 

 
Plant transformation 
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Plasmids carrying the above constructs were introduced into Agrobacterium 

tumefaciens strain GV3101. Arabidopsis thaliana ‘Columbia’ (Col-0) was transformed 

using the floral dip method (Clough and Bent, 1998). Seeds (T1) were harvested and 

selected on MS agar plates supplemented with 40 mg L-1 hygromycin and 75 mg L-1 

carbenicillin. Roots from hygromycin-resistant seedlings were examined for GFP 

fluorescence using confocal microscopy. Confirmed transformants were transferred to 

soil.  

Confocal microscopy 

Roots from T1 or T2 seedlings were placed on slides carrying a drop of water for 

observation. GFP fluorescence was imaged by confocal microscopy using a MRC 

1024MP (Bio-Rad, Hercules CA, USA) confocal scanner attached to an Olympus BX-50 

upright microscope, equipped with UPlanFl 4X/0.13, UPlanFl 10X/0.30, and UPlanApo 

20X/0.70 objective lenses. LaserSharp2000 (Bio-Rad) was employed for image 

acquisition and Photoshop 5.0 (Adobe Systems Inc., San Jose, CA) for image processing.   

Flow cytometry 

Flow cytometry was done using a MoFlo flow cytometer (Dako Cytomation, Fort 

Collins, CO) equipped with a Coherent Enterprise II laser providing 50 mW at 365 nm 

and 200 mW at 488 nm. Homogenates of Arabidopsis thaliana roots were prepared by 

chopping (Galbraith et al., 1983) and nuclei were stained by addition of 2 µg/mL 4',6-

diamidino-2-phenylindole (DAPI).  Samples were analyzed at an event rate of 200 

nuclei/s. The filter configuration for GFP detection comprised a 555DCLP dichroic beam 

splitter, and a 530/40 band pass filter. DAPI fluorescence was routed directly to a 450/65 
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band pass filter.  Biparametric histograms of log DAPI vs log GFP were triggered on side 

scatter and collected to a total count of at least 100,000 events.   
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Chapter 3 

 

A Nuclear Flow Sorting Analysis-Based Technology for Characterizing the Nuclear 

DNA Contents of Specific Cell Types within Complex Tissues and Organs 

 

 

The methods, results, and conclusions of this study are presented in the paper 

appended to this dissertation. The following is a summary of the most important findings 

in the paper. 

Eukaryotic organisms are defined by the presence of a nucleus, which encloses 

the chromosomal DNA, and is characterized by its DNA content (C-value). Complex 

eukaryotic organisms contain organs and tissues that comprise interspersions of different 

cell types, within which polysomaty, endoreduplication, and cell cycle arrest is frequently 

observed. However, little is known about the distribution of C-values across different cell 

types within these organs and tissues. We developed a nuclear flow sorting analysis-

based method to precisely define the C-value status in any specific cell type within 

complex organs and tissues of plants.  

Specifically, I devised a nuclear localized GFP, HTA6-GFP, for stably labeling 

nuclei in vivo. Fusion protein HTA6-GFP is expressed in transgenic plants under the 

control of cell type-specific promoters. In this way only the nuclei of the cell type of 

interest are labeled with GFP. Transgenic plants are homogenized to release nuclei. The 



 
 
 
  75 

nuclei in suspension are counterstained with 4’,6-Diamidino-2-phenylindole (DAPI) 

before being analyzed using a fluorescence-activated cell sorter. Since DAPI stains DNA 

and HTA6-GFP is incorporated into chromatin complexes, the signal strength of DAPI 

and HTA6-GFP is proportional to nuclear DNA content. By automatically detecting the 

signal of at least 100,000 nuclei and plotting the log GFP signal against the log DAPI 

signal, the GFP expressing (cell type specific) nuclei and other nuclei are separated on a 

histogram, and nuclei with different C-values are clustered. The C-values of nuclei of 

specific cell types are determined by comparing the clusters of nuclei that give both GFP 

and DAPI signals with those that only give a DAPI signal. This provides a quick 

measurement of C-value changes at whole genome levels. For measurement of absolute 

DNA values, chicken red blood cells containing 2.33 ± 0.22 pg of DNA per nucleus 

should be included as an internal standard (Galbraith et al., 1983). 

We illustrate the application of this method to Arabidopsis thaliana, specifically 

focusing on the different cell types found within the root. We found that wild-type 

Arabidopsis roots contain four populations of nuclei, corresponding to the 2C, 4C, 8C, 

and 16C nuclei, where ‘C’ represents the DNA content of a haploid genome. The phloem 

companion cells and the stele contain exclusively 2C and 4C nuclei. By contrast, 

endodermal cells predominantly contain 4C and 8C nuclei. These observations suggest 

that the 16C nuclei found in whole roots may come from epidermal or cortical cells.  The 

observation of cell type-specific patterns of C-value suggests that increasing nuclear 

DNA content may represent one strategy evolved by multicellular organisms to specify 

cell types. The method is, in principle, applicable to any transformable organism, 
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including mammals, within which cell type specificity of regulation of endoreduplication, 

of polysomaty, and of cell cycle arrest is suspected.  
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Chapter 4 

 

A Fluorescence-Activated Nucleus Sorting-Based Technology for Studying the 

Global Gene Expression Pattern within Nuclei of Specific Cell Types 

 

 

Introduction 

This chapter describes the development of a technology that combines 

fluorescence activated nuclear sorting (FANS) and DNA microarray analysis for 

discovery of the global gene expression profiles for nuclei of specific cell types in 

Arabidopsis. Application of this technology to a specific cell type, i.e. phloem companion 

cell (PCC), will be demonstrated. Further improvement of the technology will be 

discussed. 

In Chapters 2 and 3, I described the identification of fusion protein, HTA6-sGFP, 

for stably labeling the nuclei of specific cell types in Arabidopsis. Next, we sorted the 

fluorescent nuclei through FANS and used them as a source of total RNA. The mRNA 

within the total RNA was linearly amplified before being applied to DNA microarray 

hybridization and analysis. However, when we analyzed the microarray data, we realized 

that the RNA prepared from the sorted nuclei might potentially be contaminated with 

cytoplasmic RNA. The existence of this problem was confirmed by a series of 

experiments. We next tested different methods to avoid contamination of cytoplasmic 
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RNA in the sorted nuclei. The revised protocol was successfully employed for the 

comparison of gene expression profiles between PCC and non-PCC nuclei, which were 

sorted simultaneously from the same transgenic plant. The transcript of the marker gene, 

sulphate transporter 2-1 (Sultr 2-1) was 4-fold enriched. Statistical analysis revealed over 

one thousand genes showing significant changes between the two groups of nuclei. 

When this protocol was applied to a comparison between the nuclei of 

endodermis and non-endodermis cells, or between the nuclei of the stele and non-stele 

cells, we found that the transcripts of marker genes, SCARECROW (SCR) and 

SHORTROOT (SHR), respectively, were not enriched in the fluorescently labeled nuclei. 

The possible reasons for this observation, and potential solutions to the problem, will be 

discussed. 
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Results and Discussion 

 

Total RNA isolation from sorted nuclei and contamination by cytoplasmic RNA 

The method of fluorescence-activated nuclear sorting has been described by 

Galbraith et al. (1983) and in Chapter 3. In brief, the process comprises: the first is to 

chop plant tissue in a cold room with a single-edged razor blade using a pre-chilled 

chopping buffer. Plant cells are broken and intact nuclei are released into the chopping 

buffer. Large tissue fragments and cellular debris are removed by filtering through two 

nylon filters (pore size, 70 and 30 µm). The second step is to stain the nuclei in the 

filtrate by adding 2 µg/mL 4',6-diamidino-2-phenylindole (DAPI). DAPI enters the 

nucleus through nuclear pores and binds to chromosomal DNA. In transgenic plants, the 

expressed HTA6-sGFP fusion protein is incorporated into chromatin complex. DAPI and 

sGFP are excited by different laser lines that produce spectrally distinct fluorescence 

signals. The third step is to separate the nuclei using a fluorescence-activated cell sorter. 

During this procedure, the suspended nuclei pass through a narrow oriface to form a fluid 

jet, which intersects the two laser beams (wavelengths, 365 nm and 488 nm, 

respectively). The fluorochromes used to label the nuclei absorb the excitation 

wavelength of the laser light and emit a spectrally distinct fluorescence which is detected 

by the  flow cytometer. The nucleus then releases a DAPI fluorescence signal, a GFP 

fluorescence signal, or both signals depending on the type of nucleus. This information is 

collected by the cytometer and used for making sorting decisions. Shortly after passing 

the lasers, the liquid is constrained to form droplets. By adding charges to the flow stream 
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at the point that the desired nucleus is about to enter a droplet, the resultant droplets can 

be electrostatically deflected from the main stream and collected. In order to reduce the 

probability that two or more nuclei are present in one droplet, the nuclear suspension is 

diluted with sheath solution to roughly one nucleus per 10 droplets. This results in highly 

purified nuclei. A small volume of the original chopping solution is also collected with 

the sorted nuclei (~1/50 of sheath solution).  

To test the feasibility of using the sorted nuclei as an RNA source for profiling 

global gene expression, we decided to focus on three cell types in Arabidopsis roots: the 

stele, the endodermis, and PCC. As shown in Figures 2.3f, g, h, the nuclei of the stele, 

the endodermis, and PCC were specifically labeled by transgenical expression of the 

HTA6-sGFP fusion protein using different promoters. The roots of two-week-old 

transgenic seedlings were collected and homogenized by chopping. Nuclei were stained 

by addition of DAPI. The nuclei labeled with both DAPI and GFP (GFP+, nuclei of the 

specific cell types) and the nuclei labeled with only DAPI (GFP-, nuclei of the cell types 

other than the specifically labeled ones) were sorted simultaneously from the same 

homogenate. The sorted nuclei were collected directly into TRIZOL® reagent (RNA 

extraction solution that inactivates RNase activity, Invitrogen, Carlsbad CA, USA), 

because we wanted to reduce as much as possible RNA degradation within the nuclei. 

We assumed that the chopping solution collected with the sorted nuclei was small in 

volume and that the cytoplasmic RNA contained within the solution was negligible. 

We isolated total RNA from the sorted nuclei using the TRIZOL method with 

slight modifications. The mRNA within the isolated total RNA was amplified using a 
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SenseAmp Plus™ mRNA amplification kit (GeniSphere, Hatfield PA, USA). The 

amplified sense RNA was converted to cDNA first strand and labeled with fluorescent 

dyes (Cy3 and Cy5). We then applied the labeled targets (in pairs) to hybridize 

Arabidopsis whole genome long oligonucleotide microarrays 

(http://ag.arizona.edu/microarray/deconvolutionver3.0.html). The pair-wise targets 

correspond to the nuclei of the stele and those of non-stele cell types, the nuclei of the 

endodermis and those of non-endodermal cell types, and the nuclei of PCC and those of 

non-PCC cell types, respectively, which were sorted simultaneously from the same 

transgenic roots in different experiments. While I was scanning the hybridized slides, I 

realized that some of the pair-wise comparisons showed few differences. This 

immediately caught my attention. Since the three cell types, especially the endodermis 

and PCC, represent small groups of highly specialized root cells, I expected to see 

significantly different expression levels across a large number of genes. The lack of 

differential expression in these hybridization results immediately suggested that 

something was wrong. I hypothesized that the two RNA samples might be contaminated 

by a common source of RNA, which acted to conceal the expected differences in gene 

expression. If cytoplasmic RNA contamination was the cause, where did it come from?  

When plant tissues are chopped in the chopping buffer, many cells are broken. 

This process releases not only the nucleus, but also the whole cellular contents, including 

cytoplasmic RNA. After filtration and the addition of DAPI, a nuclear suspension was 

obtained for sorting. In this suspension, both GFP+ and GFP- nuclei are in contact with 

the same homogenate, which contains cytoplasmic RNA. When the GFP+ and GFP- 
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nuclei were sorted and collected separately, a portion amount of the homogenate is 

inevitably also collected. The key question became how much cytoplasmic RNA was 

contained in the “co-sorted” homogenate. So, we conducted the following experiments on 

wild type Arabidopsis plants to address the question. 

For the first experiment, a nuclear suspension was prepared following the 

standard procedure. It was then split into two equal parts. The first half was employed for 

sorting nuclei, the nuclei being collected directly into TRIZOL reagent. The second half 

of the nuclear suspension was centrifuged at 1020g for 10 minutes at 4oC. This sediments 

the nuclei in the suspension. The supernatant was transferred to a new tube. To this 

supernatant we added fluorescent beads (Polysciences, Warrington PA, USA); these 

beads are 2 µm in diameter and produce intense yellow-green fluorescence upon 

excitation. The fluorescent bead suspension was then sorted in the same way as for the 

nuclei, being collected directly into TRIZOL reagent. Total RNA was isolated and the 

concentrations were determined using the Agilent 2100 Bioanalyzer (Agilent 

Technologies). The results are summarized in Table 4.1. Similar amounts of total RNA 

were isolated from the sorted nuclei (55 ± 3ng) and from the sorted fluorescent beads (48 

± 6ng). Since the fluorescent beads, per se, did not provide any RNA, the RNA 

associated with them had to be solely from cytoplasmic contamination. This meant that 

the majority of the 55 ± 3ng total RNA was in fact cytoplasmic RNA, and only a small 

portion was from the nucleus. These results strongly supported the cytoplasmic RNA 

contamination hypothesis. 
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Table 4.1. Total RNA isolated from 100,000 sorted nuclei, fluorescent beads, or empty 

droplets 

Items being sorted Total RNA (ng) 

nuclei 55 ± 3 

beads 48 ± 6 

empty droplets 31 ± 4 

Note: the nucleus suspension was prepared from rosette leaves of 1-month old 

Arabidopsis plants. 

 

To confirm the cytoplasmic RNA contamination problem and estimate the amount 

of RNA contained within the nucleus, I carried out another experiment. First I prepared a 

nuclear suspension following the standard procedure. Then we added fluorescent beads 

directly to the nuclear suspension. A portion of the suspension was removed and diluted 

four-fold by adding fresh chopping buffer. From the original and the diluted suspensions, 

we sorted nuclei and fluorescent beads simultaneously. The sorted nuclei and fluorescent 

beads were collected into empty tubes. The tubes were then centrifuged at 20,800g for 30 

seconds at 4oC. The pellets and supernatants were separated, and both were used for RNA 

isolation using TRIZOL. The concentrations of RNA samples were determined using the 

Agilent 2100 Bioanalyzer. The results are summarized in Table 4.2. For both nuclei and 

fluorescent beads, a four-fold dilution of the nuclear suspension dramatically reduced the 

amount of RNA recovered from the supernatant. This not only supported the cytoplasmic 

RNA contamination hypothesis, but also suggested a possible solution to the problem. By 
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comparing the RNA recovered from the nuclei and from the fluorescent beads, we 

estimated that about 20-60 ng of total RNA was contained within 100,000 sorted nuclei. 

However, since we did not perform a DNase treatment on the RNA samples, it is possible 

that genomic DNA could be present in the RNA samples. This means the actual amount 

of RNA contained in the sorted nuclei could be lower than the above estimate. 

 

Table 4.2. Total RNA isolated from 100,000 sorted nuclei/fluorescent beads and from the 

supernatants (unit: ng) 

Nucleus Suspension Nuclei / Supernatant fluorescent beads / Supernatant 

Original concentration 62 ± 14 / 135 ± 41 27 ± 0 / 148 ± 83 

4-fold dilution  50 ± 18 / 28 ± 0.7 9.4 ± 0.4 / 34 ± 10 

Note: the nucleus suspension was prepared from 2-week old Arabidopsis seedlings. 

 

Solutions to the cytoplasmic contamination problem 

In general, cytoplasmic RNA could be removed either before or after the sorting 

procedure. However, if we chose to do it after sorting, the sorted nuclei needed to be 

collected and then cleaned. During this process, a large portion of the nuclei might be 

broken, even if a cushion liquid was added to the collection tube, because the nuclei 

emerged from the machine at a high velocity. Any broken nuclei would be lost during the 

subsequent cleaning process. Besides, the collected nuclei might be left unprotected from 

RNase until the sorting procedure was done. This might be problematic when sorting 

nuclei of single cell types, which are generally low in abundance and therefore require a 
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long time for sorting. So, we decided to clear the cytoplasmic RNA before sorting, and 

collect the sorted nuclei directly into an RNA extraction buffer that inhibits RNase 

activity. 

As mentioned above, dilution of the nuclear suspension could dramatically reduce 

the amount of cytoplasmic RNA recovered from the sorted nuclei. Theoretically, if the 

nuclear suspension is diluted sufficiently, the cytoplasmic RNA contamination can be 

reduced to a negligible level. However, it takes more time to sort the same number of 

desired nuclei from a diluted nuclear suspension. So, in practice, this could make sorting 

nuclei of certain cell types extremely difficult because of their low abundance. I needed a 

method that was quick and would retain a relatively high density of nuclei in the 

suspension.  

The first strategy was to purify nuclei using iodixanol gradients prior to sorting. In 

brief, a nuclear suspension was loaded onto 10% / 40% iodixanol gradients in a 15 ml 

falcon tube, and then centrifuged at 1000g for 30 minutes at 4oC. Nuclei were recovered 

from the interface between 10% and 40% iodixanol, and then were sorted. This procedure 

should remove much cytoplasmic RNA contamination and recover the major portion of 

the nuclei without diluting the nuclei suspension. 

The second strategy was to centrifuge the nuclei at 1000g for 10 minutes at 4oC. 

The supernatant containing cytoplasmic RNA was discarded. The nuclear pellet was then 

resuspended using fresh chopping buffer. The resulting nuclear suspension was then 

sorted. A big disadvantage of this strategy is that during the process of centrifugation and 

resuspension a portion of the nuclei may be broken and lost. The advantages are that the 
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whole process is simple and quick, and the nuclear concentration in the final suspension 

can be easily adjusted.  

Both strategies have been tested, and both enabled the recovery of a major portion 

of nuclei after clearing the cytoplasmic RNA contamination. The RNA recovery from 

sorted nuclei was comparable between the two methods. However, because of its 

simplicity and quickness, we decided to use the second nuclear dilution method in our 

studies. 

 

Comparison of global gene expression profiles between nuclei of PCC and non-PCC 

through microarray analysis 

 As shown in Figure 4.1A, PCC nuclei are brightly labeled with the HTA6-sGFP 

fusion protein expressed under the control of the regulatory region of Sulphate 

Transporter 2-1 gene (Sultr 2-1, At5g10180). This is in consistent with the discovery by 

Takahashi et al. (2000). The roots of two-week-old transgenic seedlings were collected 

and homogenized by chopping in a cold room in 1x chopping buffer (Galbraith et al., 

1983). The homogenate was then passed through two nylon filters (pore sizes, 70 µm and 

30 µm), and the filtrate was centrifuged at 1000g for 10 minutes at 4oC. The supernatant 

was removed, and the pellet was resuspended with fresh 1x chopping buffer. DAPI was 

added to a final concentration of 2 µg/mL. The nuclear suspension was mixed gently and 

FANS sorting was started within 10 minutes. About 250,000 GFP+ and GFP- nuclei were 

sorted simultaneously and collected into two tubes each containing 500 µl of TRIZOL 

reagent. Total RNA was isolated following the manufacturer’s protocol with slight 
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modification. The average total RNA (without DNase treatment) yield from 250,000 

sorted PCC and non-PCC nuclei was 18 ng and 16 ng, respectively.  

 The mRNA within the total RNA was amplified for two consecutive rounds using 

an ExpressArt® mRNA amplification kit, Nano plus Version (artus GmbH, Hamburg, 

Germany). During the second-round amplification, amino allyl modified UTP (aaUTP) 

was incorporated into the amplified antisense RNA (aRNA). After two rounds of 

amplification, about 4-27 µg aRNA was obtained from 2-18 ng input total RNA. The 

aaUTP incorporated antisense RNA was then applied directly to dye coupling and 

microarray hybridization. 
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Figure 4.1. Total RNA extraction from the nuclei of PCC collected through FANS and 

mRNA amplification. (A) An Arabidopsis root expressing the HTA6-sGFP fusion protein 

under control of the regulatory region of Sultr 2-1 (At5g10180). The nuclei of the PCC 

were labeled with HTA6-sGFP. (B) Total RNA isolated from the sorted PCC nuclei was 

analyzed on Agilent 2100 Bioanalyzer using RNA Pico LabChip®. The two peaks of 18S 

and 28S ribosomal RNA indicated that the RNA was not degraded. (C) The mRNA 

within the total RNA was amplified using an ExpressArt® mRNA amplification kit (artus 

GmbH, Hamburg, Germany).  One µl (~0.8 ng) of the amplified antisense RNA after the 

first-round amplification was loaded. (D) 1µl (~4 ng) of the amplified antisense RNA 

after the second-round amplification was loaded. The length of the amplified RNA ranges 

from 200 nt to 4000 nt. (E) RNA ladder (Ambion, Austin TX, USA) indicating the length 

of the RNA samples. 
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The amplified antisense RNA samples corresponding to the nuclei of PCC and 

non-PCC were labeled with Cy3 and Cy5 fluorescent dyes and hybridized to Arabidopsis 

whole genome long oligonucleotide microarrays. Microarray hybridizations were 

performed with two biological replicates and dye-swap technical replicates for each 

sample. In total, four slides were hybridized. The hybridized slides were scanned using an 

Axon GenePix 4000A Microarray Scanner (Molecular Devices, Sunnyvale CA, USA). 

Sample images are shown in Figure 4.2A, B. The hybridization signals were extracted 

and analyzed using GeneSpring GX7.3 (Agilent Technologies). The signal intensity 

values (raw, with background subtracted) of non-PCC were plotted against those of PCC 

(Figure 4.2C) to provide a visual inspection of the correlations of the two signals. Next, a 

One-Way ANOVA test was carried out to identify those elements that showed 

statistically significant changes between PCC and non-PCC (p = 0.05). In total, 1022 

genes including the marker gene, Sultr 2-1 (At5g10180), were identified. The signal of 

Sultr 2-1 was 4-fold higher in PCC than in non-PCC (p = 0.04), indicating that the 

technology was successful for enriching PCC nuclei. 

For the 1022 genes that showed statistically significant changes, we plotted –

log10 (P-values) against fold-changes (PCC/non-PCC) in a Volcano Plot. We found that 

654 of the 1022 genes showed 2+ fold changes at a cutoff P-value of 0.05 (Figure 4.3A). 

When the P-value cutoff was reduced to 0.01, 52 of the 1022 genes showed 4+ fold 

changes (Figure 4.3B). We then had a closer look at the 52 genes. 
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Figure 4.2. Microarray hybridization of RNA targets derived from the nuclei of 

PCC and non-PCC of Arabidopsis roots. Total RNA was isolated from the nuclei of PCC 

and non-PCC sorted through FANS. The mRNA was amplified for two consecutive 

rounds using the ExpressArt mRNA amplification kit. The amplified antisense RNA 

samples corresponding to PCC and non-PCC were labeled with Cy3 and Cy5 (A), or with 

Cy5 and Cy3 (B), and hybridized to Arabidopsis whole genome long oligonucleotide 

microarrays (http://ag.arizona.edu/microarray/deconvolutionver3.0.html). (A) and (B) are 

two corresponding sections of two microarrays hybridized with targets from the same 

biological replicate but with Cy3 and Cy5 dye-swapped. Note, green represents Cy3 

signal and red represents Cy5 signal. (C) Scatter plot of the signal intensity values (raw, 

background subtracted) comparing PCC and non-PCC. Each dot represents a probe 

element on the slides. The three solid lines are correlations, indicating that the signals of 

PCC and non-PCC are equal (central line) or two-fold higher or lower (the other two 

lines). The analysis was done using GeneSpring GX7.3 (Agilent Technologies). 
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Figure 4.3. Volcano Plot of the 1022 genes that showed statistically significant changes 

in comparison between PCC and non-PCC. The –log10 (P-value) of the genes were 

plotted against log2 (fold changes). The fold changes represent PCC / non-PCC. (A) The 

cutoff for fold changes is 2 and for P-value is 0.05. A total of 654 genes (red dots) fall 

into this group. (B) The cutoff for fold change is 4 and for P-value is 0.01. A total of 52 

genes (red dots) fall into this group. 
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Among the 52 genes that showed 4+ fold changes at a P-value of 0.01, four are 

control elements (3xSSC from the print control plate). After removing these four 

elements, we put the remaining 48 genes into Table 4.3. In GeneSpring GX7.3, by 

comparing the built-in gene ontology database, the 48 genes were arranged into four 

molecular functional groups, 18 genes were classified as having catalytic activities, 10 

genes were classified as having transporter activities (electron transporter or ion channel 

activities), 3 genes were classified as have binding activities, and 19 genes were 

unclassified (Figure 4.4). Interestingly, all ten genes having transporter activities were 

down regulated in PCC. Among the ten genes are an iron-responsive transporter (IRT1) 

(At4g19690), an auxin efflux carrier family protein (At2g17500), an inward rectifying 

potassium channel (At4g32650), and an inorganic phosphate transporter (PHT1) (PT1) 

(At5g43350). A putative disease resistance (TIR-NBS-LRR class) gene was within the 

unclassified group. It was highly up-regulated in PCC (1393 fold, P-value < 0.001), 

although its overall expression level was low. It would be interesting to see its expression 

pattern upon pathogen infection. These results suggest that it may play an important role 

in preventing pathogens from entering the phloem system. 
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Table 4.3. 48 genes showing 4+ fold changes between PCC and non-PCC at P-value < 

0.01 (fold change = PCC signal / non-PCC signal) 

Gene_Locus Fold change       Description 

At5g18350 1,393 disease resistance protein (TIR-NBS-LRR class), putative 

At3g21600 10.6 senescence/dehydration-associated protein-related 

At3g21600 9.369 senescence/dehydration-associated protein-related 

At3g58720 7.058 zinc finger (C3HC4-type RING finger) family protein 

At5g64240 6.623 latex-abundant family protein (AMC3) / caspase family protein 

At1g11450 6.269 nodulin MtN21 family protein  

At5g02600 5.679 heavy-metal-associated domain-containing protein 

At5g57180 5.413 expressed protein ; supporting cDNA gi|13991645|gb|AF359387 

At5g54660 4.463 heat shock protein-related 

At1g26930 4.437 kelch repeat-containing F-box family protein 

At5g57190 4.21 phosphatidylserine decarboxylase, putative 

At2g18196 4.126 copper chaperone (CCH)-related 

At4g34600 4.094 expressed protein 

At1g14370 0.25 protein kinase (APK2a) 

At3g23470 0.249 cyclopropane-fatty-acyl-phospholipid synthase family protein 

At5g36160 0.246 aminotransferase-related 

At3g46690 0.243 UDP-glucoronosyl/UDP-glucosyl transferase family protein 

At5g43350 0.243 inorganic phosphate transporter (PHT1) (PT1) 

At2g38750 0.243 annexin 4 (ANN4) nearly 

At3g43800 0.241 glutathione S-transferase 

At2g31570 0.239 glutathione peroxidase 

At2g04100 0.239 MATE efflux family protein, putative 
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At5g25460 0.235 expressed protein 

At5g44380 0.234 FAD-binding domain-containing protein 

At5g47990 0.234 cytochrome P450 family protein 

At4g21850 0.233 methionine sulfoxide reductase domain-containing protein 

At2g42890 0.23 RNA recognition motif (RRM)-containing protein 

At3g49780 0.221 phytosulfokine 3 (PSK3) 

At2g23030 0.218 protein kinase, putative similar to protein kinase 3 

At3g59210 0.218 F-box family protein 

At5g58350 0.217 protein kinase family protein 

At5g67080 0.208 protein kinase family protein 

At5g62480 0.205 glutathione S-transferase, putative 

At4g25820 0.205 xyloglucan:xyloglucosyl transferase 

At4g00680 0.2 actin-depolymerizing factor, putative 

At4g32650 0.194 inward rectifying potassium channel, putative(KAT3)(AKT4)(KC1)  

At3g24503 0.194 aldehyde dehydrogenase (ALDH1a) 

At3g44300 0.187 nitrilase 2 (NIT2) 

At3g51730 0.187 saposin B domain-containing protein 

At2g17500 0.18 auxin efflux carrier family protein 

At1g80240 0.18 expressed protein 

At5g50380 0.17 exocyst subunit EXO70 family protein 

At4g19690 0.155 iron-responsive transporter (IRT1) 

At4g24140 0.149 hydrolase, alpha/beta fold family protein 

At2g19130 0.142 S-locus lectin protein kinase family protein 

At3g62680 0.137 proline-rich family protein 

At2g19130 0.133 S-locus lectin protein kinase family protein 

At4g37340 0.124 cytochrome P450 family protein 
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Figure 4.4. Clustering the 52 genes that showed 4+ fold changes between PCC and non-

PCC at P-value < 0.01 by their molecular functions. The analysis was done using 

GeneSpring GX7.3. The genes were grouped by comparisons with the built-in gene 

ontology database. They fell into four major groups, genes with catalytic activity, genes 

with transporter activity, genes with binding activity, and genes with unclassified 

molecular functions.  
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Problems with the technology and further improvement 

The above has demonstrated the successful application of the FANS-based 

technology to study global gene expression within nuclei of PCC. However, when the 

same technology was applied to a comparison between the nuclei of endodermal and non-

endodermal cells, or between the nuclei of stele and non-stele cells, we found that 

transcripts of marker genes, SCR and SHR, respectively, were not enriched in the 

fluorescently labeled nuclei. Their actual hybridization signals were very low and close to 

background. But why, then, did the same technology work with nuclei of PCC but not 

with the nuclei of the endodermis or the stele cells? We think there are two possibilities. 

The first explanation is based on the difference in the size and shape of nuclei. 

The PCC nuclei are small and spindle-shaped, while nuclei of both endodermis and stele 

cells are round and relatively large. During the pre-sorting clean-up step, all three kinds 

of nuclei were pelleted at 1000g for 10 minutes at 4oC and resuspended with fresh buffer. 

This process might be too harsh for nuclei of endodermis and stele cells, while it was 

tolerable to PCC nuclei. If this is true, the problem can be solved by using more gentle 

conditions, for example by using the iodixanol gradients method to clean the nuclei prior 

to sorting. 

A second possible explanation is based on the mRNA amplification method used 

in this study. For mRNA amplification, an oligo(dT) primer was used to anneal with the 

poly(A) tails of mRNA for initiating cDNA first strand synthesis. If the transcripts of 

SCR and SHR somehow do not have poly(A) tails, or have poly(A) tails but assume a 

form that does not allow efficient cDNA synthesis, their transcripts would be under-
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represented in the amplified RNA samples. To test this hypothesis, cDNA first strands 

could be synthesized using SCR or SHR specific primers. Then, the PCR method could be 

used to determine if the two transcripts are enriched in the original RNA samples 

prepared from sorted nuclei. If the transcripts of SCR or SHR are in fact enriched in the 

original RNA samples, but are not present in the amplified RNA, the lack of enrichment 

of SCR or SHR transcripts in the microarray hybridization results does not necessarily 

mean a failure of the technology. 

In conclusion, the FANS-based technology for studying global gene expression in 

nuclei of specific cell types has been successfully applied to one cell type, the phloem 

companion cell of Arabidopsis roots. It has not been proven to be successful with other 

cell types.  
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Materials and Methods 

 

Plant materials 

The genetic background of all the transgenic Arabidopsis plants used in this study 

is Col-0. The seeds of 10-12 independent transgenic T2 lines were combined and treated 

as one biological replicate to reduce potential influence of mutations caused by T-DNA 

insertions. Seeds were sterilized and planted on MS agar plates supplemented with 2% 

sucrose, 30 mg/L hygromycin, and 1.2% agar. The plates were kept at 4oC for 2 days 

before transfer to a Conviron growth chamber under 16-hour days / 8-hour nights, with 

an incident light flux of 150-175 µm m-2 sec-1, and temperature of 22oC (day) and 20oC 

(night).  The plates were kept vertical to let the roots grow on the medium surface. The 

roots of two-week-old seedlings were collected for the experiments. All samples were 

collected during the day from 9 am to 1 pm. Three biological replicates were prepared 1-

2 weeks apart.  

 

Fluorescence activated nuclear sorting 

Roots were harvested and weighed at room temperature, and then immediately 

transferred to a cold room (4oC). About 1 g of roots were immersed in 4 ml pre-chilled 1x 

chopping buffer (Galbraith et al., 1983) in a round plastic Petri dish (3.5 cm), and 

chopped with a single-edged razor blade for 2 minutes. The homogenate was passed 

through two nylon filters with pore sizes of 70 µm and 30 µm to remove large root 

fragments and debris. The filtrate was applied directly to nucleus sorting or taken through 
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clean-up step. For the clean-up step, the filtrate (~4 ml) was collected into a 15 ml falcon 

tube, and centrifuged at 1000g for 10 minutes at 4oC. The supernatant was removed with 

pipette and a 1-ml tip. The nuclear pellet was then resuspended with 4 ml 1x fresh 

chopping buffer. The nucleus suspension was transferred to a new 6 ml tube. Then, 80 µl 

of 100 mg/mL 4',6-diamidino-2-phenylindole (DAPI) was added  and mixed gently. The 

nuclear suspension was sorted as described in Galbraith et al. (1983) and in Chapter 3. 

For each sample, about 250,000 GFP+ and 250,000 GFP- nuclei were sorted 

simultaneously and collected directly into 500 µl TRIZOL® reagent (Invitrogen, 

Carlsbad CA, USA). 

 

Total RNA extraction and mRNA amplification 

 Total RNA was isolated using the TRIZOL method, following the manufacturer’s 

recommendation with slight modifications. In brief, about 120-200 µl of liquid with 

sorted nuclei was collected into 500 µl of TRIZOL reagent. After the sorting was 

completed, the nuclei-TRIZOL mixture was shaken by hand vigorously and stored at 

room temperature for 5 minutes. Then, 120 µl of chloroform was added and the tube 

shaken by hand vigorously for 15 seconds. The tube was centrifuged at 11,900g for 15 

minutes at 4oC. The upper phase was transferred to a new tube and an equal volume of 

isopropyl alcohol was added. The sample was mixed and kept overnight at -20oC. RNA 

precipitation was by centrifugation at 11,900g for 15 minutes at 4oC. After removing the 

supernatant, 1 ml of 75% ethanol was added to wash the RNA pellet (invisible). The tube 

was centrifuged at 11,900g for 10 minutes at 4oC. The 75% ethanol was completely 
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removed. The tube was left open for about 5 minutes. Ten µl of RNase free H2O was 

added to redissolve the RNA. One µl of RNA sample was taken and analyzed using 

Agilent 2100 Bioanalyzer with an RNA Pico LabChip® (Agilent Technologies) to 

determine the concentration and quality. Five µl (~2-20 ng) of the RNA sample was 

taken for mRNA amplification using an ExpressArt® mRNA amplification kit, Nano 

plus Version (artus GmbH, Hamburg, Germany), following the manufacturer’s 

recommendation. Amplification was performed for two consecutive rounds. Amino-allyl-

modified UTP (aaUTP) was incorporated into the amplified RNA during the second 

round in vitro transcription. 

 

Target labeling, microarray hybridization, and data analysis 

The amplified antisense RNA from the second-round amplification was labeled 

with Cy3 or Cy5 fluorescent dyes (Amersham Biosciences, Little Chalfont 

Buckinghamshire, England). The labeled targets were purified using RNeasy MiniElute 

kit (Qiagen, Valencia CA, USA). Arabidopsis whole genome long oligonucleotide 

microarrays (http://ag.arizona.edu/microarray/deconvolutionver3.0.html) were employed 

for hybridization. The hybridization was performed following the standard procedure in 

the lab (http://ag.arizona.edu/microarray/methods.html), and as described by Zanetti et al. 

(2005). The data obtained from the microarray comparison between PCC and non-PCC 

were analyzed using GeneSpring GX7.3 (Agilent Technologies). 
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Chapter 5 

 

RNAi-based Knockdown of Gene Expression within Specific Cell Types 

 

Introduction 

In plants, RNA interference (RNAi)-induced gene silencing can spread from the 

initiation site to nearby cells. The silencing signal, the nature of which is still not clearly 

identified, is believed to move through plasmodesmata. In this study, we used a nuclear-

localized version of GFP as a marker to visualize the spreading of RNAi-induced 

silencing (Ri-IS) in Arabidopsis root tips. We found that the spread of silencing depended 

on the background in which RNAi is induced.  In a background expressing nuclear-

localized GFP using the CaMV 35S promoter, Ri-IS spread from the endodermis to the 

cortex and the stele, but not to the epidermis and the columellar root cap cells. In a 

background expressing nuclear-localized GFP using the SCARECROW promoter, Ri-IS 

within the quiescent center did not spread to adjacent cells. Further experiments 

demonstrated the feasibility of abrogating gene expression within specific cell types 

using RNAi technology. 
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RNA interference refers to gene-silencing technologies that disrupt gene 

expression at post-transcriptional levels. In plants, a particularly effective method to 

abrogate gene expression involves transforming the plant with a gene construct encoding 

a self-complementary RNA that forms a hairpin-like structure. The double-stranded 

region of the hairpin RNA is arranged to have the same sequence as that of the mRNA of 

the target gene (Helliwell and Waterhouse, 2005; Waterhouse and Helliwell, 2003). The 

double-stranded RNA (dsRNA) is then processed into small interfering RNAs (siRNA) 

of 21-25 nucleotides, corresponding to both sense and antisense strands of the target gene 

(Hamilton and Baulcombe, 1999). These siRNA are incorporated into an RNA-induced 

silencing complex, where they serve as guides to selectively degrade the target mRNA 

(Hammond et al., 2000; Zamore et al., 2000). 

One particularly interesting phenomenon associated with RNAi is the spread of 

gene silencing. Ri-IS can spread from the silencing initiation site to nearby cells and to 

more distal tissues. The silencing signal is proposed to be siRNA, which moves through 

plasmodesmata over short distances and through the phloem over long distances (Himber 

et al., 2003; Palauqui et al., 1997; Voinnet et al., 1998; Yoo et al., 2004). In Arabidopsis 

leaves, Himber et al., (2003) demonstrated that dsRNA induced silencing could move 

extensively from cell-to-cell when the target was a transgene, but moved only through a 

limited number (10-15) of cells when the targets were endogenous genes.  

In Arabidopsis root tips, the cell types are well characterized, and each cell type 

occupies a limited number of cell layers (Dolan et al., 1993; Malamy and Benfey 1997). 

If the short-range movement of RNA silencing, as demonstrated in leaves (Himber et al., 
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2003), also happens in the root tips, I expected to detect gene silencing throughout whole 

root tips, even if silencing was initiated in only one cell layer. I thought it would be 

interesting to compare the silencing effect induced by expressing dsRNA in a single cell 

layer with that obtained by expressing dsRNA constitutively. To provide the necessary 

resolution for these experiments, I developed a system to visualize the spread of Ri-IS 

involving nuclear-targeted GFP as a marker. Our results led us to the discovery that Ri-IS 

can be employed to precisely and selectively abrogate gene expression within specific 

cell types. 
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Results and Discussion 

 

Modification of two Gateway-adapted T-DNA binary vectors for production of 

RNAi constructs 

Plasmid pFGC5941 (AY310901) was kindly provided by Drs. Carolyn Napoli 

and Richard Jorgensen (Department of Plant Sciences, University of Arizona, Tucson 

AZ, USA). This plasmid was designed to produce double-stranded RNA (dsRNA) using 

conventional restriction and ligation methods, and has been successfully used in 

functional genomics studies (McGinnis et al., 2005). In order to simplify the construction 

work, we first converted this vector to a Gateway vector by inserting two Gateway attR 

cassettes (Frame B, Invitrogen, Carlsbad CA, USA) at SwaI and SmaI sites, respectively. 

We call this Gateway-adapted RNAi vector “pFGCGW” (Figure 5.1). In order to clone 

cell-type specific promoters into this vector, we replaced the CaMV 35S promoter with a 

synthesized polylinker, which included six unique restriction sites. This vector allows 

cloning specific promoters through restriction and ligation reactions, and making dsRNA 

constructs through the Gateway recombination reaction. This vector is called pFSPGW 

(Figure 5.1). Vectors pFGCGW and pFSPGW were used in making the dsRNA 

constructs used in this study. The complete nucleotide sequences of pFGCGW and 

pFSPGW have been deposited in GenBank (DQ231581 and DQ231580). 
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Figure 5.1. Structural features of two Gateway-adapted RNAi vectors, pFGCGW and 

pFSPGW. Plasmids pFGCGW (GenBank Acc.: DQ231581) and pFSPGW (GenBank 

Acc.: DQ231580) were modified based on pFGC5941 (AY310901). Two copies of 

Gateway attR cassettes (rfb, Invitrogen) were inserted in opposite directions. In 

pFSPGW, the CaMV 35S promoter was replaced by a multiple cloning site (MCS), 

which includes six unique restriction sites: HpaI, RsrII, Bsu36I, DraIII, AatII, and XhoI.  

All major features of the original vector were retained. 

pFGCGW
14831 bp

BARkanamycin (R)

CHSA intron

Omega

attR cassette (rfb)

attR cassette (rfb)

Mas polyA

Ocs polyA

MAS promoter
CaMV35S promoter

pVS1 rep

pBR325 ori

T-Border (left)

T-Border (right)

pFSPGW
13566 bp

BARkanamycin (R)

CHSA intron

Omega

attR cassette (rfb)

attR cassette (rfb)

MCS

Mas polyA

Ocs polyA

MAS promoter

pVS1 rep

pBR325 ori

T-Border (left)

T-Border (right)

MCS: 
 
5’- GTTAAC gagacg CGGaCCG gagacg CCTcAGG gagacg CACagaGTG 
       HpaII                      RsrII                     Bsu36I                     DraIII 
 
     gagacg GACGTC ctgacg CTCGAG –3’  
                     AatII                   XhoI 

GenBank ACC.: DQ231581 GenBank ACC.: DQ231580 
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Spreading of GFP silencing from endodermis to the adjacent cell layers 

In the first series of experiments, I produced two dsRNA constructs designed to 

abrogate the GFP transgene, placing expression under the control of the CaMV 35S 

promoter (p35S-dsGFP) and the SCARECROW promoter (pSCR-dsGFP), respectively. 

We then introduced these two constructs into transgenic Arabidopsis plants expressing 

the p35S-GFP transgene, which accumulates GFP within the cytoplasm of all cell types 

of the root. In the resulting doubly-transgenic plants, expression of p35S-dsGFP 

significantly reduced the GFP signal throughout the roots, whereas expression of pSCR-

dsGFP had little or no effect on the GFP signal (data not shown). Since in Arabidopsis 

root tips, SCR (At3g54220) is expressed only in the endodermis, the cortex/endodermis 

initials, and the quiescent center (QC) cells (Wysocka-Diller et al., 2000), I assumed that 

pSCR-dsGFP would direct the production of small interference RNA (siRNA) only in 

these cells.  The lack of reduction of the GFP signal specifically in the endodermis may 

be due to the fact that the GFP protein within the cytoplasm can diffuse between cells via 

plasmadesmata (Imlau et al., 1999; Kim et al., 2005).  In order to prevent intercellular 

GFP movement, we switched our attention to transgenic plants carrying a chimeric 

reporter, in which GFP was targeted to the nucleus by translational fusion to a core 

histone H2A, HTA6 (At5g59870).  Transgenic plants expressing HTA6-GFP under the 

control of the SCR promoter recapitulate (Figure 5.2A) the reported pattern of expression 

(Wysocka-Diller et al., 2000) and the transgenic plants appear phenotypically normal.  



 
 
 
  109 

 

Figure 5.2.  Expression patterns of the promoters of SCARECROW (pSCR) and WOX5 

(pWOX5). Confocal images show Arabidopsis root tips expressing HTA6-GFP fusion 

protein under the control of pSCR (A) and pWOX5 (B, C). Images showing the signals of 

propidium iodide (PI), green fluorescent protein (GFP), and the merged images are 

indicated. Scale bars: 50µm.   

PI GFP Merged image

A 

B 
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In the next series of experiments, I introduced the pSCR-dsGFP construct into 

transgenic Arabidopsis plants carrying p35S-HTA6-GFP, which expressed the HTA6-

GFP fusion protein. As shown in Figure 5.3B, the GFP signal within the nuclei was 

reduced in the endodermis and in the adjacent cell layers of the cortex and the stele, but 

was not affected within the epidermis and columellar root cap cells (Figures 5.3A, 5.3B). 

The GFP signal within the central stele persisted. A gradient of effect was observed, with 

less GFP signal being found in the cells of the stele that were close to the epidermis, and 

more GFP signal being found within the cells of the central stele. This suggests a 

silencing gradient, with progressing dilution of the silencing signal from its point of 

initiation within the endodermal cell layer as it moves inwards, and with a decrease in 

silencing effect as the signal level goes down.  Such a gradient was not seen in the work 

of Himber et al., (2003), possibly because they used a non-localized GFP as the reporter, 

which spread throughout the whole cell, and thus was more difficult to detect at low 

signal levels.  

I went on to compare these results to those obtained when silencing was initiated 

in a more limited number of cells.  This was done through production of a dsRNA 

construct targeting abrogation of HTA6-GFP expression, placed under the control of the 

WOX5 promoter (pWOX5-dsGFP). In Arabidopsis root tips, WOX5 (At3g11260) is 

strongly expressed in the QC cells (Figure 2B).  It is also expressed at low levels in the 

initial cells surrounding the QC, with this expression being particularly obvious in newly-

emerged lateral roots (Figure 5.2C and data not shown). Expression of pWOX5-dsGFP 

within Arabidopsis plants carrying p35S-HTA6-GFP led to the observation that GFP 
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silencing was not restricted to the QC.  Instead, the silencing pattern was similar to that 

produced by pSCR-dsGFP (Figure 5.3C), and silencing did not spread to the columellar 

root cap cells (Figure 5.3D). This result suggests that the silencing signal initiated within 

the QC cells spreads more easily through the endodermis and cortex cell layers than 

through the stele.  

In T3 generations, we found that the above double transgenic plants carrying 

p35S-HTA6-GFP and pSCR-dsGFP or pWOX5-dsGFP showed a broader spread of 

silencing, in which the GFP signal in most of the epidermis and the root columellar root 

cap cells was also lost. We suspect that RNAi induced transcriptional gene silencing 

occurs, and its effect becomes more obvious over further generations.  
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 Figure 5.3. Movement of RNAi induced silencing in Arabidopsis root tips. Confocal 

images show the root tips of Arabidopsis transgenic seedlings carrying p35S-HTA6-GFP 

and a double-stranded RNA construct, pSCR-dsGFP (A, B), or pWOX5-dsGFP (C, D). A 

and B are two sets of images of the same root tip. Images in (A) are close to the top 

surface of the root tip lying on a glass slide, and images in (B) are 24 µm deeper. C and 

D are two sets of images of the same root tip. Images showing the signals of propidium 

iodide (PI), green fluorescent protein (GFP), and the merged images are indicated. Scale 

bars: 100µm in (A, B, and C); 50µm in (D). 
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Knockdown of gene expression in the quiescent center cells 

Since the cortex and endodermal cell files originate from the same initials, one 

could argue that the silencing pattern associated with pWOX5-dsGFP expression might 

be a consequence of silencing initiated within the cortex/endodermal initials and of 

persistence of silencing in their descendants.  To test this and more precisely examine the 

phenomenon of the spread of silencing with less interference from the background, I 

introduced pWOX5-dsGFP into a transgenic background carrying pSCR-HTA6-GFP in 

which HTA6-GFP expression was restricted to the endodermis, the cortex/endodermal 

initials, and the QC. In the resulting doubly-transgenic plants, we expected to see a 

reduction of GFP signal in the QC, the cortex/endodermal initials, and a certain number 

of endodermal cells as a result of the spread of the silencing signal from QC. As 

expected, we found that the GFP signal was lost from the QC (Figure 5.4B) and, in about 

half of the root tips examined, was also lost from the cortex/endodermal initial cells 

(Figure 5.4A). However, in almost all root tips GFP signals were also evident within the 

first daughter cell and the upper endodermal cells (Figures 5.4A, 5.4B). This result 

implies that, in a background having GFP expression restricted to the endodermis, 

silencing targeted against GFP does not spread from the QC. The loss of GFP signal in 

the cortex/endodermal initials is most probably a consequence of the slight activity of the 

WOX5 promoter within these cells, which therefore directs the synthesis of small 

amounts of dsRNA, thereby leading to GFP silencing. 

In the next series of experiments, we applied the same strategy to investigate the 

effect of abrogating expression of an endogenous gene within a specific cell type, namely 
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the QC. It was shown that the presence of the SCR protein is required to maintain its own 

expression (Heidstra et al., 2004; Wysocka-Diller et al., 2000). We therefore made a 

dsRNA construct targeting against endogenous SCR, placing it under the control of the 

WOX5 promoter (pWOX5-dsSCR). I introduced this construct into transgenic plants 

carrying pSCR-HTA6-GFP. In the resulting doubly-transgenic plants, we found that GFP 

expression was reduced only in the QC and not in the cortex/endodermis initials and 

upper endodermal cells (Figure 5.4C).  I did not observe the characteristic loss of GFP 

signal in the initials, as seen when silencing was targeted against the HTA6-GFP 

transgene. I postulate that, when silencing is targeted against SCR, the SCR level in the 

initials may be reduced due to the slight expression of the WOX5 promoter, but that it is 

still high enough to maintain its own expression.  
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Figure 5.4.  Knockdown of gene expression specifically within the quiescent center 

cells. Confocal images show the root tips of Arabidopsis transgenic seedlings carrying 

pSCR-HTA6-GFP after introducing a second construct, pWOX5-dsGFP (A, B) or 

pWOX5-dsSCR (C). Images showing the signals of propidium iodide (PI), green 

fluorescence protein (GFP), and the merged images are indicated. Scale bars: 50µm. 
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Knockdown of gene expression in the endodermis 

As seen from the results of the above experiments, silencing targeted against SCR 

leads to a more specific knockdown of GFP expression than silencing targeted directly 

against GFP. To investigate how general such a phenomenon might be, I took advantage 

of other ongoing work in the laboratory, which involves characterization of an 

Arabidopsis transgenic line carrying p35S-HON1-GFP.  HON1 (At1g06760) is a putative 

Arabidopsis linker histone gene, and the fusion protein is targeted to the nucleus. A 

significant feature of the transgenic plants is that HON1-GFP expression is silenced 

within most cells (Figures 5.5a, 5.5c), and that silencing can be broadly reversed by 

introduction of a dsRNA construct (p35S-dsMET1) targeting against MET1 (At5g49160) 

under the control of CaMV 35S promoter (Figure 5.5b). MET1 is a maintenance 

methyltransferase which functions most effectively on symmetric CpG sites.  Disruption 

of the MET1 function is accompanied by a reduced level of genomic DNA methylation, 

which may lead to a reversal of transcriptional gene silencing (Finnegan et al., 1996; 

Morel et al., 2000; Ronemus et al., 1996). We do not know the nature of the silencing 

and the mechanism of the reactivation of HON1-GFP expression.  However, since MET1 

transcript levels are similar within the different cell types of the root (Birnbaum et al., 

2003), I realized that this system would be suitable for the analysis of the effect of 

expressing a dsRNA that would ablate MET1 transcripts only within the endodermis. If 

RNA silencing targeted against MET1 is able to spread, as seen for expression of pSCR-

dsGFP in a background constitutively expressing HTA6-GFP (Figure 5.3), we should 

see reactivation of HON1-GFP expression not only in the endodermis, but also in the 
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adjacent cell layers.  The dsRNA construct, pSCR-dsMET1, was therefore introduced into 

the silenced p35S-HON1-GFP transgenic line. Reactivation of HON1-GFP expression 

was restricted to the endodermis (Figure 5.5d), and did not spread to the adjacent cells of 

the cortex or stele.   
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Figure 5.5.  Reactivation of HON1-GFP expression specifically in the endodermis 

through expressing dsRNA targeting against MET1 under the control of SCARECROW 

promoter (pSCR). Confocal images of the root tips of Arabidopsis transgenic line 

carrying p35S-HON1-GFP before or after introducing dsRNA constructs. (a) A confocal 

image shows the root tip of one Arabidopsis transgenic line carrying p35S-HON1-GFP 

construct. Green foci represent individual nuclei expressing HON-GFP fusion protein. 

The GFP signal has been lost in most cells. (b) After introducing a dsRNA construct 

targeting against MET1 (p35S-dsMET1), the HON1-GFP expression is broadly 

reactivated. (c) A confocal image of a root tip from the same transgenic line as in (a), and 

counterstained with propidium iodide before imaging. (d) After introducing pSCR-

dsMET1, HON1-GFP expression was reactivated mainly in the endodermis. Scale bars: 

100µm in (a) and (b); 50µm in (c) and (d).  

p35S-HON1-GFP 

p35S-HON1-GFP 
+p35S-dsDDM2 

p35S-HON1-GFP p35S-HON1-GFP 
+pSCR-dsDDM2 
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b
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Conclusions 

The Gateway-adapted vectors pFGCGW and pFSPGW allowed me to rapidly 

produce a series of dsRNA constructs for the study of Ri-IS and the manner in which it 

spreads.  The results of my experiments support the concept that the silencing signal 

moves from cell-to-cell within Arabidopsis root tips.  This signal moves with progressive 

dilution, but movement among cells appears highly selective, in particular being 

restricted to epidermis and columellar root cap cells. My results indicate that, in 

appropriate transgenic backgrounds, RNAi can be manipulated to induce gene silencing 

within a specific cell type, without Ri-IS spreading to other cell types.  As far as I am 

aware, this is the first report of this phenomenon. My results further indicate that RNAi 

silencing targeted against a regulator of a gene can produce higher specificity than that 

targeted directly against the gene.  This may represent a practical strategy for the 

application of RNAi technology to biological studies and for therapeutics. 
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Materials and Methods 

 

Recombinant constructions 

All general molecular manipulations followed standard procedures (Sambrook et 

al., 1989). PfuUltraTM high-fidelity DNA polymerase (Stratagen, La Jolla CA, USA) was 

used for PCR amplifications.  

The RNAi vector pFGC5941 (AY310901) was provided by Drs. Carolyn Napoli 

and Richard Jorgensen (Department of Plant Sciences, The University of Arizona, 

Tucson AZ, USA). For more information, see McGinnis et al., (2005) and the 

Arabidopsis Biological Resource Center 

(http://godot.ncgr.org/abrc/catalog/vector_1.html). We made this vector Gateway-

compatible by inserting two Gateway attR cassettes (Frame B, Invitrogen, Carlsbad CA, 

USA) at SwaI and SmaI sites, respectively. The two attR cassettes were placed in 

opposite directions.  The resultant Gateway-adapted RNAi vector, termed pFGCGW, was 

further modified to facilitate insertion of different promoters driving dsRNA expression. 

Firstly, the CaMV 35S promoter was removed from pFGC5941 using EcoRI and XhoI. 

Into this EcoRI/XhoI site was inserted a synthesized polylinker: 5'- GTTAACGAGA 

CGCGGACCGG AGACGCCTCA GGGAGACGCA CAGAGTGGAG ACGGACGTCC 

TGACGCTCGA G -3', which includes six unique restriction sites: HpaI, RsrII, Bsu36I, 

DraIII, AatII, and XhoI. The resulting plasmid was digested with XhoI, NcoI and HindIII, 

to remove the two multiple cloning sites, the CHSA Intron, and the OCS 3’ sequence. It 

was then ligated with a 5673 bp XhoI/HindIII fragment released from pFGCGW, which 
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covers the two Gateway attR cassettes (Frame B). In the final plasmid (termed 

pFSPGW), the six restriction sites within the polylinker are unique.  

Genomic sequences immediately upstream of the start codons of SCARECROW 

(SCR, At3g54220) and WOX5 (At3g11260) coding sequences were PCR amplified. A 

2131 bp fragment for SCR was amplified with a forward primer: 5'-CTCAGGCGGA 

CCGGATAAGG GATAGAGGAA GAGGAC -3' and a reverse primer: 5'- 

GTTCCGCTCG AGATTGAAGG GTTGTTGGTC G -3'. A 2679 bp fragment for WOX5 

was amplified with a forward primer: 5'- CACCAGTTAA CTCGGACCGA 

CTTAAAACAC TATTATTGAT GAAGCGCG -3' and a reverse primer: 5'- 

TGTCGACGAC GTCTGTTCAG ATGTAAAGTC CTCAACTG -3'. These two 

regulatory sequences were cloned into pFSPGW using HpaI/XhoI and RsrII/AatII, 

respectively. The resulting plasmids were then used for Gateway LR reactions. 

GFP coding sequence (720 bp) was amplified from pGFP-JS (Jen Sheen, 

Massachusetts General Hospital, Boston MA, USA) with a forward primer: 5'- 

CACCATGGTG AGCAAGGGCG AGGAG-3' and a reverse primer: 5'- 

CTTGTACAGC TCGTCCATGC C-3'. A 697 bp fragment of SCR cDNA was amplified 

with a forward primer: 5'- CACCGCCATT ATCAGAGACC TTATCC -3' and a reverse 

primer: 5'- CCCATTAAAG ACCTGAAACG CAGAG -3'. A 565 bp fragment of MET1 

(At5g49160) cDNA was amplified with a forward primer: 5'- CACCGGTGGA 

AAATGGGGCT AAAGC -3' and a reverse primer: 5'- CACAGCCACT 

GAAGCACGAG C -3'. The three fragments were then cloned into the Gateway entry 

vector pENTR/D-TOPO (Invitrogen, Carlsbad CA, USA). The plasmids carrying the 
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cDNA sequences of GFP, SCR, and MET1 were digested with EcoRV. The linearized 

plasmids were employed in the Gateway LR reaction to insert the cDNA sequence into 

the Gateway-adapted RNAi vectors pFGCGW and pFSPGW carrying SCR or WOX5 

promoters. The resulting constructs include: p35S-dsGFP, p35S-dsSCR, p35S-dsMET1, 

pSCR-dsGFP, pSCR-dsSCR, pSCR-dsMET1, pWOX5-dsGFP, and pWOX5-dsSCR. 

 

Plant materials 

The genetic background of the Arabidopsis plants used in this study is 

Arabidopsis thaliana ‘Columbia’ (Col-0). The Arabidopsis transgenic lines carrying 

p35S-GFP, p35S-HON1-GFP, or pWOX5-HTA6-GFP were generated in the Galbraith 

Lab. The Arabidopsis transgenic lines carrying p35S-HTA6-GFP or pSCR-HTA6-GFP 

were also generated in the Galbraith Lab, and were described in Zhang et al., (2005). All 

transgenic lines carry the hygromycin resistance gene HPT II. The hygromycin resistance 

in p35S-HON1-GFP plants was silenced. 

 

Plant transformation 

Plasmids carrying the above constructs were introduced into Agrobacterium 

tumefaciens strain GV3101. Transgenic plants carrying GFP expression constructs were 

transformed using the floral dip method (Clough and Bent, 1998). Seeds (T1) were 

harvested and selected on MS agar plates supplemented with 28 mg L-1 BASTA and 75 

mg L-1 carbenicillin. BASTA-resistant seedlings were transferred to MS agar plates 

supplemented with 40 mg L-1 hygromycin and 75 mg L-1 carbenicillin or to MS agar 
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plates without antibiotics. Roots from the seedlings were examined for GFP fluorescence 

using confocal microscopy. Confirmed transformants were transferred to soil.  

 

Confocal microscopy 

Roots from T1 or T2 seedlings were counterstained with 10 µg ml-1 propidium 

iodide, PI (Sigma, St Louis MO, USA) for 1 minute, and were placed on slides carrying a 

drop of water for observation. GFP fluorescence was imaged by confocal microscopy 

using an MRC 1024MP (Bio-Rad, Hercules CA, USA) confocal scanner attached to an 

Olympus BX-50 upright microscope, equipped with UPlanFl 4X/0.13, UPlanFl 10X/0.30, 

UPlanApo 20X/0.70, and UPlanApo 40X/0.85 objective lenses. LaserSharp2000 (Bio-

Rad) was employed for image acquisition, and Photoshop 7.0 (Adobe Systems Inc., San 

Jose CA, USA) for image processing. Each presented image represents at least six 

independent observations. 
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Chapter 6 

 

Concluding Remarks 

 

 

The central theme of this study was technology development and the focus was 

gene regulation in specific cell types of higher plants. We set out to develop a novel 

technology which would marry flow cytometry and DNA microarray, two powerful 

technologies that were available in the lab, for studies of global gene expression within 

specific cell types. We not only developed the technology and successfully demonstrated 

its application to one cell type, the phloem companion cell (PCC) of Arabidopsis roots, 

but also created with two other methods for characterizing nuclear DNA content and for 

silencing gene expression in specific cell types. We also created a Gateway-adapted T-

DNA binary vector series for plant expression studies. Nine of these vectors were 

deposited in GenBank to facilitate their use by other labs. In summary, all three methods 

and the binary vector series were proven or partially proven to be successful and will be 

valuable contributions to science and technology. 

The fluorescence-activated nuclear sorting-based technology has been 

successfully applied to profiling global gene expression in the nuclei of PCC. Still, it 

needs to be further improved to extend its application to other cell types. The key 

problem is at the step which clears cytoplasmic RNA contamination. Further experiments 
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should test more gentle methods such as the iodixanol gradient method for cleaning 

nuclei. Other aspects that could potentially be improved involve the mRNA amplification 

and microarray hybridization steps. More efficient mRNA amplification methods and 

more sensitive microarray hybridization will require less input sample, in this case sorted 

nuclei. This will make it more practical for studies of rare cell types, such as quiescent 

center cells.  

The nuclear flow sorting analysis-based method has been successfully used to 

characterize the nuclear DNA contents of the PCC, the stele, and the endodermis of 

Arabidopsis roots. The results indicate the association of endoreduplication with the 

endodermis, but not with the PCC or the stele. It is thus suggested that endoreduplication 

could be an intrinsic characteristic of the endodermis. By exploring the DNA content of 

more cell types, we should see a pattern of the association of endoreduplication and 

specific cell types.  

RNA interference (RNAi) technology has been broadly used to investigate gene 

functions in both plants and animals. However, its use has not been reported to silence 

gene expression in specific cell types. These experiments demonstrate the feasibility of 

abrogating gene expression within specific cell types using RNAi technology. I believe 

that this work could lead to broadening the potential applications of RNAi technology. 

The production of a T-DNA binary vector series was driven by necessity. These 

vectors were not only used in this study, but were also provided to other labs for related 

research. The Gateway-compatible property of most of the vectors and the availability of 

sequence information from GenBank should increase their value. 
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In conclusion, the studies described in this dissertation not only represented good 

Ph.D. training, but also generated valuable knowledge and methodology to further our 

understanding in plant sciences. 
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Appendix: 

Cell type-specific characterization of nuclear DNA contents within 

complex tissues and organs 
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Abstract 

Background: Eukaryotic organisms are defined by the presence of a nucleus, 

which encloses the chromosomal DNA, and is characterized by its DNA content (C-

value). Complex eukaryotic organisms contain organs and tissues that comprise 

interspersions of different cell types, within which polysomaty, endoreduplication, and 

cell cycle arrest is frequently observed. Little is known about the distribution of C-values 

across different cell types within these organs and tissues. Results: We have developed, 

and describe here, a method to precisely define the C-value status within any specific cell 

type within complex organs and tissues of plants. We illustrate the application of this 

method to Arabidopsis thaliana, specifically focusing on the different cell types found 

within the root. Conclusion: The method accurately and conveniently charts C-value 

within specific cell types, and provides novel insight into developmental processes. The 

method is, in principle, applicable to any transformable organism, including mammals, 

within which cell type specificity of regulation of endoreduplication, of polysomaty, and 

of cell cycle arrest is suspected. 
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Background 

The amount of DNA contained within a haploid nucleus of eukaryotic organisms 

is termed the C (constant) value [1]. For many eukaryotes, the nuclei of somatic cells 

contain a 2C DNA amount, and the growing cells participate in a simple mitotic cell 

cycle in which four temporally-linked phases, G1, S, G2 and M, serve to separate the 

processes of DNA duplication (S-phase) from chromosomal segregation (M-phase). 

Monosomatic tissues containing mitotically active cells therefore are characterized by 

cells having nuclear DNA contents ranging from 2C to 4C, depending on the position of 

the cells within the cell cycle. The proportions of cells within these phases is a function 

of the proportions of cells that are actively cycling and the degree of cycle synchrony, 

and evidently reflects also whether or not the cells are arrested at particular points within 

the cell cycle, most commonly G0/G1 (2C) or G2 (4C). In polysomatic tissues, the 

situation is complicated by the occurrence of an alternative cell cycle, termed 

endoreduplication, in which successive S-phases are not followed by M-phases. This 

produces uninucleate cells having multiplicative DNA contents (2n C, where n = 1,2,3..., 

for most sources of somatic cells, and 3 × 2n-1 C for the endoreduplicated endosperm 

derived from triploid progenitor cells). Polysomaty is particularly common in higher 

plants [2]; for some species, such as A. thaliana, it is encountered throughout the mature 

tissues of the organism [3], while in others it is restricted to specific tissues [4]. 

The functional significance of the state of the nuclear C-value at which DNA 

synthesis arrests remains obscure, in part due to a lack of facile and precise methods for 
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identifying its occurrence as a function of specific cell types. It is clear that, in the 

analysis of developmental gene expression and the cell biology underlying its regulation, 

the nuclear C-value represents an important parameter reflecting both the cell cycle status 

of the cell within which the nucleus is located, as well as the participation of the cells of 

polysomatic tissues within cycles of endoreduplication. Conversely, the regulated arrest 

of the cell at specific nuclear C-values reflects the activities of regulatory mechanisms 

about which we know very little. 

We wondered if our flow cytometric methods for analysis of nuclear C-values [5] 

might be combined with transgenic expression of a nuclear-targeted version of the Green 

Fluorescent Protein (GFP) placed under the regulation of cell type-specific promoters, 

thereby permitting analysis of the C-value status of specific cell types. We reasoned that 

the labeling of nuclei of specific cell types with GFP would allow their detection using 

flow cytometry and, via simultaneous biparametric analysis of DNA content, lead to their 

assignment to various C-value classes. In this report, we validate this experimental 

approach, describing recombinant DNA constructions that encode Fluorescent Protein 

(FP)-fusions that are appropriately targeted to the nucleus, and which are quantitatively 

retained within the nuclei following cell homogenization. We go on to describe 

conditions for confocal examination of transgenic plants exhibiting a number of different 

cell-type specific patterns of expression, and for flow cytometric analysis of homogenates 

prepared from these plants. We finally employ the method to uncover evidence of cell 

type-specific arrest of particular cell types within different C-value states. The 

significance of these observations is discussed. 
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Results 

The proposed experimental concept requires that it be possible to target GFP, or 

other Fluorescent Proteins, to the nuclei of transgenic plants under the control of cell 

type-specific promoters, that the nuclei display sufficient fluorescent signal to be 

detectable by microscopy and flow cytometry, that the GFP-based signal not interfere 

with counterstaining and flow analysis of nuclear DNA content, and that the GFP-based 

fluorescence be retained within the nuclei following homogenization and during flow 

analysis. To be maximally useful, the concept and the procedures should be applicable to 

plants having small (cf. A. thaliana) as well as larger genomes. 

To test this concept, we employed A. thaliana, a model plant species for which a 

uniquely comprehensive amount of molecular information is available. A. thaliana also 

comprises one of the smallest nuclear genomes within the flowering plants [6], thereby 

providing an excellent test of the lower limit of resolution of the methods. For nuclear 

labeling, we evaluated the performance of a number of different translational fusions of 

nuclear proteins with GFP. Optimal for our purpose was a fusion of GFP with the coding 

region of a histone 2A gene (HTA6; At5g59870). Under the transcriptional control of the 

Cauliflower Mosaic Virus (CaMV) 35S promoter, transgenic A. thaliana plants 

expressing HTA6-GFP were phenotypically normal, and displayed brightly fluorescent 

nuclei within all parts of the plant (Figure 1). Nuclei of similar brightness were seen for 

transgenic plants expressing HTA6-YFP. No effects of transgenic GFP expression were 

detected on plant fresh weights or root growth rates (Figure 2), or by using whole genome 
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long oligonucleotide microarrays to monitor alterations in gene expression (unpublished 

data).

 

Figure 1.  Confocal and bright-field images of wild-type plants, and plants transgenically 

expressing HTA6-GFP and HTA6-YFP under the transcriptional control of the 

CaMV35S promoter. For the bright-field picture, seeds of the three genotypes were 

germinated on MS agar plates. 3-day-old, similar-sized seedlings were transferred onto 

fresh MS agar plates, and were grown in a vertical position for two weeks. 
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Figure 2.  (A) Fresh weights and (B) root growth amounts of plants that are transgenic or 

non-transgenic for HTA6-GFP expression. Measurements were made on three groups of 

20 pooled plants, and the error bars indicate standard deviations. Abbreviations: WT, 

wild-type; HTA6-GFP, transgenic plant expressing HTA6-GFP. 

We concomitantly chose to focus on plant roots: roots of many important crops 

and model species either are polysomatic or comprise a large proportion of cells arrested 

at a 4C nuclear DNA content (Figure 3). For example, uniparametric flow analysis of root 

homogenates prepared from the apical 1 cm regions of the primary root of ten day-old A. 

thaliana plants identifies four populations of nuclei (Figure 3A), equally spaced along the 

DNA content axis (logarithmic scale) corresponding to nuclei respectively having 2C, 

4C, 8C, and 16C DNA contents. Polysomaty was also observed for root tips of cucumber, 
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pea, and tomato. For the other species examined (tobacco, Vinca, maize, rice, and carrot), 

polysomaty was absent, but for maize, tobacco, petunia and Vinca, a large minority of the 

nuclear populations represented cells having 4C nuclei (see also [5]). Our observations 

are consistent with other compilations [4]. 

Examination of the roots of wild-type and transgenic A. thaliana plants expressing 

HTA6-GFP was done via confocal microscopy. The confocal images and the 

corresponding biparametric flow cytometric analyses of the GFP and DNA contents of 

their nuclei are presented in Figure 4. Wild-type plants display no nuclear GFP 

fluorescence and, in the flow analysis (Figure 4A), the four populations of nuclei, 

corresponding to the 2C, 4C, 8C, and 16C nuclei, are located close to the abscissa. In 

comparison, the roots of plants constitutively expressing HTA6-GFP under the control of 

the CaMV 35S promoter contained green-fluorescent nuclei, and the flow histograms 

display clusters of nuclei corresponding in DNA content to 2C, 4C, 8C, and 16C but also 

producing a GFP signal that increases with DNA content (Figure 4B). The intranuclear 

GFP fluorescence was stable over the period of time following homogenization required 

for the flow analyses (Figure 5A), and the amounts of intranuclear GFP fluorescence 

scaled linearly with nuclear DNA content (Figure 5B). Finally, the proportions of nuclei 

within the different C-value classes were not significantly different when wild-type and 

transgenic plants were compared (Figure 6). Within the apical 10 mm of the A. thaliana 

primary root, therefore, exist 2C, 4C, 8C, and 16C cells, and the nuclei of these cells 

appear equally capable of accumulating GFP-labelled histone H2A. 
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Figure 3.  Flow cytometric analysis of the nuclear DNA contents of plant root 

homogenates. Homogenates, prepared as described by Galbraith et al. [5], stained with 

DAPI, were analyzed using a Partec CCAII Flow Cytometer (Partec GmbH, Munster, 

Germany). The instrument PMT and amplification settings were adjusted between 

samples to provide distributions conveniently distributed across the abscissae. This 

means that the numerical positions of the nuclear peaks should not be used for 

comparative analysis of DNA content between species. (A) Arabidopsis thaliana. (B) 

Pisum sativum. (C) Cucumis sativus. (D) Daucus carota. (E) Nicotiana tabacum. (F) 

Lycopersicon esculentum. (G) Petunia hybrida. (H) Vinca rosea. (I) Zea mays. (J) Oryza 

sativa. 
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Figure 4.  Confocal and biparametric flow cytometric analyses of wild-type and 

transgenic plants expressing nuclear GFP. Flow cytometry was done using a Cytomation 

MoFlo flow cytometer with laser excitation at 365/488 nm, and biparametric detection of 

DAPI fluorescence (418–482 nm; FL4; log units), and GFP fluorescence (505–530 nm; 

FL1; log units), with triggering based on 90°-light scatter [59]. For confocal microscopy, 

roots were counterstained by dipping in propidium iodide (1 µg/mL in water) for 2 

minutes. Abbreviations: p35S: CaMV 35S promoter; pSCR: SCARECROW promoter; 

pSHR: SHORTROOT promoter; pRPL16B: ribosomal protein large subunit 16B 

promoter; pSultr2-1: sulfate transporter 2-1 promoter. 
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Figure 5. Analysis of the stability and amounts of targeted GFP fluorescence within 

nuclei following homogenization. Biparametric flow cytometric analyses were done of 

transgenic plants constitutively expressing nuclear GFP at various times following 

homogenization. A. The modes of the GFP fluorescence distributions for the four classes 

of nuclei (2C, 4C, 8C, 16C) are plotted as a function of time after homogenization. B. 

The modes obtained from the GFP fluorescence distributions were averaged across the 

time course for the different nuclear classes, and these mean values are plotted against C-

value. Error bars indicate standard deviations. 
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Figure 6. Comparison of the distributions of nuclei within the various C-value classes 

found in the roots of wild-type plants and plants transgenic for expression of HTA6-GFP. 

Measurements were made on three replicate samples (wild-type and transgenic) each 

sample comprising ~100 pooled seedlings. The error bars indicate standard deviations. 

We next wondered whether the presence of nuclei of different C-value classes 

might be associated with specific cell types or root sub-regions. To address this question, 

we produced transgenic plants expressing HTA6-GFP under the control of both cell type-

specific and region-specific regulatory sequences. Transgenic plants expressing HTA6-

GFP under the control of the Sultr2-1 promoter [7] exhibited nuclear GFP fluorescence 

restricted to the phloem companion cells (PCC; Figure 4F). Regulation of HTA6-GFP 

expression by the promoters of the SCARECROW (SCR), and SHORTROOT (SHR) genes 

resulted in a restriction of GFP fluorescence (Figures 4D and 4E) respectively to nuclei of 

the endodermis, the cortex/endodermal initials, and the quiescent center, and to nuclei of 

the stele (the pericycle and internal vascular tissue) [8,9]. Regulation of expression by the 

promoter of a gene encoding protein 16B of the large ribosomal subunit resulted in 

nuclear fluorescence more generally localized to the meristematic region (Figure 4C). 
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Flow cytometric analysis of homogenates indicated that PCC and the stele exclusively 

contained 2C and 4C nuclei, as did the cells within the meristem. In contrast, endodermal 

cells predominantly contained 4C and 8C nuclei (Figure 7). 

 

Figure 7. Quantification of the proportions of nuclei within the various C-value classes 

for transgenic plants expressing HTA6-GFP under the control of constitutive and cell 

type-specific promoters. The proportions were determined by integrating the total number 

of events within the biparametric plots of Figure 4 falling within a rectangular box 

containing the specific C-value class and having a GFP-intensity value of 18 or greater. 

Abbreviations: See Legend to Figure 4. 

To explore whether the occurrence of 4C and 8C nuclei was directly correlated 

with SCR expression, we examined the distribution of C-values of GFP-positive nuclei 

within transgenic plants producing supernumerary endodermal cell layers, as a 

consequence of ectopic expression of SHR under the control of the SCR promoter [10]. 

These transgenic plants contained various proportions of such supernumerary cells, 

clearly identified by the presence of nuclear GFP (Figure 8A). The proportion of GFP-

positive 4C nuclei was dramatically elevated as compared to the wild-type control and as 
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compared to the total distribution of nuclei within the transgenic plants (Figure 8B, 8C). 

In contrast, no differences were seen in the proportions of all nuclei within the various C-

value classes when transgenic and wild-type plants were compared. 

 

Figure 8. Production of supernumerary endodermal cell layers is associated with 

accumulation of 4C and depletion of 2C cells. Supernumerary endodermal cell layers 

were produced by transgenic expression of SHR under the control of the SCR promoter, 

and these layers were identified via expression of HTA6-GFP under the control of the 

SCR promoter. A. Confocal analysis of the transgenic plants. B. C-value distributions of 

GFP-positive and -negative nuclei as determined through biparametric flow analysis (axis 

designations as described in the Legend to Figure 4). C. Classification of the proportions 

of nuclei within the various C-value classes for non-transgenic controls (WT), for all 

nuclei within transgenic plants producing supernumerary endodermal cells (SN-SCR), 

and for GFP-positive nuclei (GFP+) within these same transgenic plants. 
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Discussion 

The described method relies on the targeting of GFP to the nucleus, and its 

retention within the nucleus during cellular homogenization and flow cytometric analysis. 

In previous work, we described the use of a tobacco nuclear localization signal to target a 

chimeric protein comprising the complete coding region of β-glucuronidase fused to GFP 

[11,12]. Although such a molecule is effectively targeted to the nucleoplasm in vivo, it 

appears to slowly leak out of nuclei following homogenization. This is not an issue for 

the flow cytometric analysis of nuclei having large DNA contents, such as tobacco, since 

the nuclear GFP signal remains well above the background detection level of the flow 

cytometer for reasonable periods of time following homogenization [12]. In contrast, for 

plants having small nuclear genome sizes, such as A. thaliana, the small size of the nuclei 

and the low amplitude of the GFP-signal, coupled to leakage of the targeted molecules, 

means that nucleoplasmic targeting is unsuitable for flow cytometric analysis of isolated 

nuclei. This problem can be avoided by employing as the targeting signal a nuclear 

protein that represents a structural component of the nucleus, in this case histone HTA6. 

Constitutive transgenic expression of the HTA6-GFP fusion protein has no detectable 

effect upon plant growth or development. Interestingly, constitutive expression of the 

GFP-HTA6 (i.e. in a reversed orientation) fusion protein also had no perceptible effects 

on growth and development (data not shown). This is consistent with our understanding 

of the three-dimensional structures of histones [13]. For HTA6, both the N- and C-

termini are exposed at the nucleosomal surface and, of the 13 predicted A. thaliana H2A 
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proteins (HTA; http://www.chromdb.org), HTA6 has the second longest N-terminus (14 

aa), and the longest C-terminus (21 aa). 

The patterns observed within the two-dimensional frequency distributions 

produced by flow cytometry indicate that a majority of the root cells of transgenic plants 

contain green fluorescent nuclei, which confirms that the CaMV 35S promoter is active 

during the development of the different cell types present within the region analyzed [14]. 

The fact that HTA6-GFP fluorescence scales linearly and very precisely with DNA 

content implies the accumulation of nuclear histone 2A is tightly correlated with DNA 

content. This observation, coupled to the lack of leakage of HTA6-GFP from the nuclei 

in homogenates, is consistent with the hypothesis that most of the HTA6-GFP is 

complexed within chromatin rather than being free within the nucleoplasm. 

Although the two-dimensional frequency distributions provide unambiguous 

identification of the DNA content values of GFP-labelled nuclei, for these to be 

meaningful, it is crucial that expression of HTA6-GFP not perturb the system under 

study. As far as we can tell, this appears to be the case: no phenotypical differences were 

seen between transgenic and wild-type plants, nor were differences seen in the 

proportions of nuclei within the various C-value categories. It should be noted that the 

same flow cytometric strategy should be technically applicable to transgenic plants 

expressing any GFP (or other FP) fusion that is targeted to and retained within the 

nucleus, with the same caveat that such expression not perturb the system under study. 
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The observation of cell type-specific patterns of C-value suggests that increasing 

nuclear DNA content represents one strategy evolved by multicellular organisms to 

specify cell types. As far as we are aware, this is the most precise experimental evidence 

supporting this rather simple idea in higher plants, and application of this method to other 

situations in which increased DNA content is associated with cell type differentiation 

should rapidly provide a valuable body of data. For example, in other work, it has been 

hypothesized that basal cells within the xylem pericycle cells arrest in G2, thereby 

becoming susceptible to auxin-mediated signals that trigger the first formative divisions 

leading to lateral root initiation [15-18]. Consistent with this hypothesis, genes 

characteristic of the G2/M boundary are coordinately induced in A. thaliana shortly after 

imposition of conditions leading to synchronized induction of lateral roots [18]. 

In both of these situations, cell type specification appears associated with an 

increase in the proportion of cells containing 4C nuclei. At the cytological level of 

analysis, such a situation can arise through G2 arrest of cells within a monosomatic 

diploid cell cycle, or, equally-well, through G1 arrest of cells that have entered the first 

endoreduplicative cell cycle (i.e. having become tetraploid). Complicating cytological 

analysis is the potential for formation of polytene chromosomes. Further experiments will 

evidently be required to clarify the situation, and methods of in situ hybridization 

utilizing endogenous [19-22] and transgenic chromosomal markers [23] should prove 

invaluable. 
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At the molecular level, many candidates for cell cycle regulators responsible for 

accumulation of 4C cells can be identified from the existing body of knowledge for other 

eukaryotic organisms [24,25], and that emerging for plants, particularly A. thaliana. 

These include cyclins that are specifically active during the G2/M transition [26], mitotic 

cyclin-dependent kinase and its activators and inhibitors [27-34], the anaphase promoting 

complex (APC) and components that interact with the APC [24,35,36], and molecules 

associated with check-points relating to cell size [37,38], radiation damage [36,39], and 

spindle assembly [36]. 

The mechanisms regulating cell cycle status and nuclear DNA content within the 

endodermal and cortical cells may also reflect the nature of the SCR and SHR genes, 

which encode members of the GRAS-STAT family of transcription factors [40,41]. Other 

members of this family have been shown to interact with regulators of the cell cycle [42-

44]. One role of SHR and/or SCR may be to arrest the diploid cell cycle within 

endodermal cells at the G2/M boundary, and perhaps also to regulate an 

endoreduplicative event converting these nuclei from a G2 to a G1 state without an 

intervening M-phase. Of the 30 genes found to be most strongly up- or down-regulated 

within the endodermis [45], one candidate for a regulatory role is At5g26900, since it 

exhibits homology to fizzy1 of X. laevis which is required for APC activation in that 

system [46]. 

Interestingly, recent reports implicate expression of additional members of the 

GRAS-STAT family in the establishment of nodulation in Medicago truncatula [47,48]. 



 
 
 
  147 

We note that the flow cytometric method described here should be appropriate for 

unambiguous determination of the C-value status of root initials responsive to nodulation 

signals, and of the different cell types that subsequently develop during root nodule 

formation. If nodule development can be shown to specifically involve G2-arrested cells 

within the root cortex, this would imply co-option of cellular mechanisms that normally 

regulate lateral root formation. 

In general, the method outlined in this report should be applicable to any 

transformable plant species within which the regulated expression of HTA6-GFP results 

in fluorescent nuclei. For promoters of low activity, coupling of nuclear GFP expression 

to amplification systems (for example provided by GAL4/VP16 [49]) may be required. 

Orthologues of histones 2A should be readily accessible for most species, and we have 

established that a GFP fusion to the rice HTA6 orthologue is targeted to the nucleus in 

transgenic rice plants (CQZ, C. Santhosh Kumar, V. Sundaresan, and DWG, unpublished 

results). Plant cell types for which a determination of nuclear DNA content should be of 

particular interest include those undergoing regulated endoreduplicative cycles, such as 

found within developing seed storage tissues [50], within developing trichomes [51], and 

in the establishment of symbioses [52], since the method is not restricted to cells 

operating within a conventional diploid cell cycle. The method should also be helpful in 

clarifying reports of the unexpected onset of reductive mitoses within endoreplicated 

cells [27]. It should also be possible to develop multiparametric flow cytometric methods 

combining the identification of the C-values of nuclei of specific cell types with a 

determination of the occurrence of S-phase (relying on antibody-based detection of 
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bromodeoxyuridine incorporation [53]). This would allow direct determination of the 

onset of DNA replication particularly within endoreduplicating cells at various C-value 

levels, thereby providing a greatly increased degree of sophistication in the analysis of 

processes of this type. The method should also be applicable to lower plants, and could 

be readily tested using Physcomitrella, which can be transformed and for which the 

specific G2-arrest within the chloronema has been recently described [54]. 

Finally, it should also be noted the flow cytometric method should be equally 

applicable to transformable non-plant species, including mammals. The relevance of 

endoreplication to mammalian development, both under normal and abnormal 

circumstances, is increasingly evident [55,56], and the ability to accurately chart its 

occurrence within specific cell types should prove important in the analysis of 

development as well as of specific disease states. 
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Methods 

Recombinant constructions 

All general molecular manipulations were done according to standard procedures 

[57]. PfuUltra™ high-fidelity DNA polymerase (Stratagene, La Jolla, CA, USA) was 

used for PCR-based amplification of fragments for cloning.  

To construct a T-DNA binary vector for expressing GFP in plants, a 2445 bp 

fragment covering the sGFP expression cassette was released with HincII and SspI from 

pGFP-JS (Jen Sheen, Massachusetts General Hospital, Boston MA), and inserted into 

pCAMBIA1302 between the SmaI (9755) and PmlI (752) sites. For convenience of 

discussion, we call this reassembled vector pCsGFPB. The A. thaliana core histone 

HTA6 coding sequence (450 bp) was PCR amplified from a cDNA first strand 

preparation, using forward primer 5'- CATGCCATGGAATCCACCGGAAAAGTG-3' 

and reverse primer 5'- CATGCCATGGCAGCTTTCTTTGGAGACTTGACTG-3'. The 

cDNA first strand was prepared using reverse transcriptase SuperScript II according to 

the manufacturer's recommendations (Invitrogen, Carlsbad, CA, USA). The amplified 

fragment was inserted into the NcoI site of pCsGFPB. This resulted in in-frame fusion of 

HTA6 to the N-terminus of GFP, which is downstream of an enhanced CaMV 35S 

promoter. In the coding region of HTA6, a single nucleotide change at position 118 (G to 

A) was confirmed by sequencing analysis. This single nucleotide change leads to a point 

mutation (I39V), and this mutation is retained in all derivative constructs. 
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Vector pCsGFPB carrying the HTA6 coding sequence was further modified by 

removing the stop codon (TAA) of the GFP open reading frame as well as the following 

14 bp. This modification shifts the contiguous BamHI and XbaI sites to the sGFP open 

reading frame, and leads to three amino acids (Gly-Ile-Leu) being added to the original 

sGFP, with the "TAG" within the XbaI site becoming the new stop codon. Then a 70 bp 

computer generated random sequence 

(CGAATGTAGTACGTATTCTCCGAACTGAAGCACCTGAGACGTGTAATGTCGG

GCCATCTCATACGTACGG) was inserted immediately after the new stop codon, to 

serve as a transcriptional tag for monitoring the sGFP mRNA level using microarrays 

printed with the appropriate complementary sequence. Finally, the CaMV 35S promoter 

(780 bp) upstream of sGFP was excised using EcoRI; and an attR cassette (Frame C, 

Invitrogen, Carlsbad, CA, USA) was installed. This Gateway-adapted vector was named 

pCGTAG, and it was used in making the remaining constructs in this study. 

Genomic sequences immediately upstream of the start codons of the 

SCARECROW (SCR), Sulphate Transporter 2-1 (Sultr2-1), SHORTROOT (SHR), and 

RPL16B coding sequences were PCR amplified. A 2131 bp fragment for SCR was 

amplified with forward primer 5' CACCGGATAAGGGATAGAGGAAGAGG 3' and 

reverse primer 5' GGAGATTGAAGGGTTGTTGGTCG 3'. A 2048 bp fragment for 

Sultr2-1 was amplified with forward primer 5' CACCGCTGACAACTAACACTCCTC-3' 

and reverse primer 5' CTTCTTCTCGAGTTTTGACGTTGTG 3'. A 2495 bp fragment 

for SHR was amplified with forward primer 5' 

CACCGGACAAAGAAGCAGAGCGTGG 3' and reverse primer 5' 
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TTAATGAATAAGAAAATGAATAGAAGAAAGGGAGACCCAC 3'. A 1074 bp 

fragment for RPL16B was amplified with forward primer 5' 

CACCTTTCCCACCTCTCTTCAACTTC 3' and reverse primer 5' 

CGTAAATAGTAAGTTAAATCCCCAAAACGAGGAACG 3'. The five fragments 

were then cloned into the Gateway entry vector pENTR/D-TOPO (Invitrogen, Carlsbad, 

CA, USA). The plasmids carrying the regulatory sequences of SCR, Sultr2-1, SHR, and 

RPL16B were linearized with restriction enzymes EcoRV, EcoRV, EcoNI, DrdI, and 

EcoRV respectively. These linearized plasmids were employed in the Gateway LR 

reaction, to insert the individual regulatory sequences into the Gateway-adapted T-DNA 

binary vector pCGTAG. 

Plant transformation 

Plasmids carrying the above constructs were introduced into Agrobacterium 

tumefaciens strain GV3101. A. thaliana 'Columbia' (Col-0) was transformed using the 

floral dip method [58]. Seeds (T1) were harvested and selected on MS agar plates 

supplemented with 40 mg L-1 hygromycin and 75 mg L-1 carbenicillin. Roots from 

hygromycin-resistant seedlings were examined for GFP fluorescence using confocal 

microscopy. Confirmed transformants were transferred to soil.  

Introduction of pSCR-HTA6-GFP into plants carrying supernumerary endodermal 

cell layers 

Transgenic A. thaliana seeds carrying SCRpro::SHR were kindly provided by 

Philip Benfey (Department of Biology, Duke University). The roots of this transgenic 
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line have an increased number of cell layers which display characteristics of the 

endodermis [10]. We crossed this transgenic line with transgenic plants carrying pSCR-

HTA6-GFP. F1 seeds were germinated on MS plates lacking antibiotics. Roots of three-

week old seedlings were subjected to confocal and biparametric flow analyses.  

Confocal microscopy 

Roots from T1 or T2 seedlings were counterstained with 1 µg ml-1 propidium 

iodide, PI (Sigma, St Louis, MO, USA) for 1 to 2 minutes, and were placed on slides 

carrying a drop of water for observation. GFP fluorescence was imaged by confocal 

microscopy using a MRC 1024 MP (Bio-Rad, Hercules CA) confocal scanner attached to 

an Olympus BX-50 upright microscope, equipped with UPlanFl 4X/0.13, UPlanFl 

10X/0.30, and UPlanApo 20X/0.70 objective lenses. LaserSharp2000 (Bio-Rad) was 

employed for image acquisition and Photoshop 5.0 (Adobe Systems Inc., San Jose, CA) 

for image processing.  

Growth comparisons 

Seeds of Col-0 and of a homozygous transgenic line carrying CaMV35S-HTA6-

GFP were sterilized and planted on MS agar plates (2% sucrose, 1.2% agar). The plates 

were kept at 4°C for three days before transfer to a Conviron growth chamber under 16 

hour days / 8 hour nights, with an incident light flux of 150-175 µmol m-2 sec-1, and 

temperatures of 22°C (day) and 20°C (night). The plates were placed vertically for 3 

days. Seedlings of similar sizes were then transferred onto fresh plates, each plate 

containing ten wild-type and ten transgenic seedlings. The position of the root tip of each 

seedling was marked on the bottom lid of the plate using a marker pen. Root elongation 
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was measured five days after transfer, and the seedlings were then collected for 

measurement of fresh weights.  

Flow cytometry 

Flow cytometry was done using a MoFlo flow cytometer (Dako Cytomation, Fort 

Collins, CO) equipped with a Coherent Enterprise II laser providing separate beam paths 

comprising 50 mW at 365 nm and 200 mW at 488 nm. Homogenates of A. thaliana roots 

were prepared by chopping [5], and nuclei were stained by addition of 2 µg/mL 4',6-

diamidino-2-phenylindole (DAPI). Samples were analyzed at an event rate of 200 

nuclei/s. GFP fluorescence, excited by the 488 nm beam, was detected following 

reflection by a 555DCLP dichroic beam splitter through a 530/40 band pass filter. DAPI 

fluorescence, excited by the 365 nm beam, was routed directly through a 450/65 band 

pass filter. Biparametric histograms of log DAPI versus log GFP signals were triggered 

on side scatter and collected to a total count of at least 100,000 events.  
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