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The complete genome sequence of cultivated rice (Oryza sativa) provides an unprecedented opportunity to understand the

biology of this model cereal. An essential and necessary step in this effort is the determination of the coding information and

expression patterns of each sequenced chromosome. Here, we report an analysis of the transcriptional activity of rice

chromosome 4 using a tiling path microarray based on PCR-generated genomic DNA fragments. Six representative rice

organ types were examined using this microarray to catalog the transcribed regions of rice chromosome 4 and to reveal

organ- and developmental stage–specific transcription patterns. This analysis provided expression support for 82% of the

gene models in the chromosome. Transcriptional activities in 1643 nonannotated regions were also detected. Comparison

with cytologically defined chromatin features indicated that in juvenile-stage rice the euchromatic region is more actively

transcribed than is the transposon-rich heterochromatic portion of the chromosome. Interestingly, increased transcription

of transposon-related gene models in certain heterochromatic regions was observed in mature-stage rice organs and in

suspension-cultured cells. These results suggest a close correlation between transcriptional activity and chromosome

organization and the developmental regulation of transcription activity at the chromosome level.

INTRODUCTION

Rice (Oryza sativa) is the principle staple food for more than half of

the world’s population. With a compact genome spanning 430

megabase (Mb) pairs, an extensive genetic map (Harushima

et al., 1998), and established synteny with other cereal crops

(Ahn and Tanksley, 1993; Chen et al., 1997; Gale and Devos,

1998), cultivated rice represents a model for cereal as well as

monocot plants (Shimamoto and Kyozuka, 2002). Furthermore,

the rice genome is nearly completely sequenced (Feng et al.,

2002; Sasaki et al., 2002; Rice Chromosome 10 Sequencing

Consortium, 2003; Rensink and Buell, 2004). One of the next

essential steps in deciphering the sequenced genome is to

develop complete and accurate maps of actively transcribed

regions during rice development. This will facilitate the identifi-

cation of all genes and proteins encoded in the DNA sequence.

Such information will allow further analysis of their function,

regulation, and how they cooperate in complex biological pro-

cesses in a systematic manner.

As a first attempt to decipher the rice genome, computational

annotation has been successful, although improvements are

needed (Yuan et al., 2003). Recent efforts to verify experimentally

the gene model structure by sequencing cDNAs and ESTs have

provided valuable information toward our understanding of gene

structure and genome-coding capacity (Wu et al., 2002; Rice

Full-Length cDNA Consortium, 2003; Rensink and Buell, 2004).

However, to date, only approximately half of the predicted

genome-coding capacity has had any cDNA or EST expression

support. Massively parallel signature sequencing provides an-

other tool to analyze the transcriptional activity of complex
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genomes (Meyers et al., 2004) and is just being applied to rice.

Recently, tiling path DNA microarrays have made it possible to

detect expression within almost any desired portion of the

genome in an unbiased and high-throughput manner. Studies

in several model genomes using tiling path microarray analysis

revealed an abundance of previously unpredicted transcribed

regions in each of the chromosomes or genomes investigated

(Shoemaker et al., 2001; Kapranov et al., 2002; Rinn et al., 2003;

Yamada et al., 2003). Clearly, experimental approaches com-

plementary to computation-based genome annotation are es-

sential for an understanding of genome structures. Because of

the presence of large amounts of unfinished sequence data,

unusual compositional gradients in genes, and the large size of

the rice genome (Wong et al., 2002; Rensink and Buell, 2004),

there is even greater need for experimental approaches in rice

genome annotation.

A chromosome-scale transcriptional analysis will also expand

our knowledge of possible chromosome-level transcriptional

regulation. One prominent feature of eukaryotic chromosomes

is their organization into heterochromatic and euchromatic

regions. Heterochromatin was first distinguished from euchro-

matin cytologically as more intensely staining nuclear material

throughout the cell cycle in Bryophyta (Heitz, 1928). For a long

time, heterochromatin was considered a junkyard composed of

only noncoding DNA and silent transposons. The cytological

appearance of heterochromatin actually reflects a specific chro-

matin-packaging condition frequently associated with tran-

scriptional dormancy (Hennig, 1999). In most well-studied

eukaryotes, heterochromatin is found near centromeres and

telomeres. Sequencing of heterochromatic regions revealed the

existence of tandem long repeats and transposons (Hennig,

1999). On the other hand, the density of nonredundant protein-

coding gene models and the recombination rate are low in

heterochromatic regions (CSHL/WUGSC/PEB Arabidopsis Se-

quencing Consortium, 2000).

The idea that heterochromatin influences the regulation of

nearby genes began with the early observation of position effect

variegation in Drosophila (Müller 1930). It was further noted that

a euchromatic site could become a heterochromatic site in nature

under certain conditions (Henikoff and Comai, 1998). Recent

genetic studies in plants provide supporting evidence for the

chromatin-level regulation of gene expression (Hoekenga et al.,

2000; Stam et al., 2002; Scheid et al., 2003). RNA interference has

been suggested to be an underlying mechanism that acts by

directing DNA and histone modifications to control gene expres-

sion (Bender, 2004; Lippman and Martienssen, 2004; Lippman

et al., 2004; Matzke and Birchler, 2005). In fact, heterochromatin

has emerged as a key regulator in the epigenetic control of gene

expression, chromosome behavior, and evolution.

Heterochromatin was systematically investigated in maize

(Zea mays) by chromosome staining (McClintock, 1929). Recent

cytological studies have revealed dynamic cytological charac-

teristics of plant chromosomes, especially in heterochromatic

regions in Arabidopsis thaliana and rice (Fransz et al., 1998;

Cheng et al., 2001). However, the functions of these patterns are

not fully understood (Avramova, 2002). Different from Arabidop-

sis, cytologically defined heterochromatic regions of rice cover

a significantly larger portion of the pericentric region in the

majority of rice chromosomes. For example, approximately half

of rice chromosome 4 is characterized as heterochromatic

based on its dense staining pattern, including the entire short

arm and another ;9-Mb extension beyond the centromere into

the long arm (Cheng et al., 2001). Little if any information is

available regarding chromosome-level transcriptional activity

regulation in distinct chromatic regions or the functional signif-

icance of rice heterochromatin (Cheng et al., 2001). Using tiling

path microarray analysis as a tool, it is now possible to perform

high-throughput profiling of the transcriptional activities along an

entire sequenced chromosome to examine potential connec-

tions between transcription and cytologically defined chromatin

organization.

In this study, we developed a tiling path DNA microarray

consisting of overlapping PCR-amplified genomic fragments

covering >33 Mb (95.5%) of japonica rice chromosome 4. Using

this array, we analyzed the transcriptional activity of chromo-

some 4 in six representative organs or tissues. Chromosome-

scale transcription patterns were analyzed and compared with

cytologically observed chromatin organization and the distribu-

tion of transposon-related and various other gene model groups.

RESULTS

Construction of the Rice Chromosome 4 Tiling Microarray

We constructed a minimal tiling path DNA microarray covering

essentially the entire rice chromosome 4 (Figure 1A) using the

very same DNA subclone fragments from which the finished

sequence of this chromosome was obtained (Feng et al., 2002).

The selected subclones have some overlaps at the junctions

(Figure 1A). This degree of redundancy in coverage has proven

beneficial for analytical purposes to increase resolution and to

provide repetition (Sun et al., 2003). Each subclone was amplified

by PCR using universal primers annealing to the flanking vector

sequences, followed by agarose gel analysis to assess DNA

fragment purity and abundance (Figure 1B). Importantly, all of the

amplified fragments were sequenced from both ends to ensure

accuracy.Allquality-controlledfragments, togetherwithbothnega-

tive and positive controls, were printed on an aminosilane-coated

glass slide to produce the tiling microarray (see Methods).

All subclone sequences contained on the microarray were

mapped against the updated chromosome 4 sequence (The

Institute for Genomic Research [TIGR] release version 2.0, April

2004). Subclones that were either too large or potentially

chimeric in nature were flagged and excluded from further

analysis (see Methods). The final tiling path consists of 14,742

subclone fragments covering >33 Mb or 95.5% of the chromo-

some 4 sequence. The average size of the subclone fragments is

3.08 kb, with an average overlap of 718 bp between two

neighboring fragments. The average resolution of this microarray

is 1.6 kb, considering subclone overlapping. Because of un-

finished gaps in the sequence and the absence of suitable

subclones, 910 gaps remained in the tiling path that were

estimated to represent <4.5% of the chromosome. The average

array coverage in 1-Mb windows along the length of the

chromosome (ranging from 82 to 100%) is shown in Figure 2A.
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Tiling Array Analysis Provides Expression Support for Most

of the Annotated Gene Models of Rice Chromosome 4

To map the transcribed regions of rice chromosome 4, we

collected six representative organs or tissues at different de-

velopmental stages, including seedling shoot, seedling root,

tillering-stage shoot, heading-stage flag leaf, and heading-stage

panicle (Figure 3A), as well as suspension-cultured cells. Such

a selection covered key representative organ types from both

vegetative and reproductive developmental phases under nor-

mal growth conditions. Poly(A)þ RNA from each organ or tissue

type was selectively transcribed using an oligodeoxythymidine

primer, labeled with cyanine fluorescent dye, and hybridized to

the array. Each organ type was represented by at least six

experimental repeats using cDNA prepared from three indepen-

dent biological samples.

To objectively identify fragments with detectable expression,

we performed a multiple-step statistical analysis. Initial nor-

malization was performed on replicates. This accounts for and

lessens the effect of artifacts caused by technical variation

(Quackenbush, 2002). An expression threshold with a 1% false-

positive rate was determined based on the distribution of the

normalized intensities of the negative control spots on each

array. All of our positive controls of genomic DNA had signals well

above this threshold. We next explored the intensity distributions

of 515 selected fragments covering available cDNA sequences.

We found that usually >80% of them had expression above this

empirical threshold (Figure 2B). Recent studies in Arabidopsis

suggest that the detection rate of cDNA in an organ sample

ranges from 77 to 84% (Yamada et al., 2003; Redman et al.,

2004).

Figure 1. Construction of the Rice Chromosome 4 Tiling DNA Microarray.

(A) A total of 14,742 PCR-amplified overlapping fragments, which were selected to cover the entire chromosome, were printed onto glass slides with

negative and positive controls. An image of four subarrays of a sample microarray hybridized with probes originating from seedling shoots labeled with

Cy3 and cultured cells labeled with Cy5 is presented. The bottom row of each subarray contains negative control spots.

(B) Quality-control gel image of 96 PCR-amplified fragments from one randomly chosen 96-well plate.
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We mapped all currently annotated gene models along chro-

mosome 4 to genomic DNA fragments in the minimal tiling path

collection. In total, our tiling path array represents 5464 (96.2%)

of the 5682 gene models (including transposon-related models).

Expression for 82% (3296) of all 4025 nonredundant protein-

coding gene models (excluding transposon-related models) was

observed in at least one of the six organs or tissues (Figure 3B;

see Supplemental Table 1 online). The expression detection rate

in each individual organ or tissue ranged from 56% (panicle) to

73% (seedling root). Expression of ;50% (2013) of nonredun-

dant protein-coding gene models was detected in all six organs

or tissues.

For the 1640 gene models matching available full-length

cDNAs (Rice Full-Length cDNA Consortium, 2003), we detected

expression of 1383 (86%) gene models in at least one organ or

tissue sample (Figure 3B). The panicle sample had the lowest

detection rate (57%) of cDNA-supported gene models, whereas

seedling shoot and root had the highest rates (80 and 79%,

Figure 2. Tiling Array Coverage and Expression Threshold Determination.

(A) Coverage of the tiling path microarray. The coverage was calculated by dividing the tiling path covered region (overlaps removed) by the entire

region in 1-Mb windows across rice chromosome 4.

(B) Expression threshold determination. The histogram in light gray shows the distribution of 257 negative control spots in a representative experiment.

We selected a cutoff, shown by a black line, at which only 1% of the negative control spots scored as false positives. The distribution in dark gray

represents the intensities of 515 selected fragments with cDNA support.
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respectively). Again, ;54% of the cDNA-supported gene mod-

els were commonly expressed in all organs or tissues.

The rice genome has a long history of duplication (Blanc and

Wolfe, 2004; Paterson et al., 2004; Yu et al., 2005). We used our

expression data to estimate and compare the expression rates of

duplicated genes and unique genes on chromosome 4. Approx-

imately 19% of all gene models in this chromosome have >80%

of their full length similar to another gene and were considered

potential duplicated genes. The expression of 76% of those

potential duplicated genes was detected in at least one sample.

One the other hand, the expression detection rate for genes

without any evidence of duplication, which account for 68% of all

gene models, was 80%. In agreement with a recent classification

of duplicated full-length cDNAs (Yu et al., 2005), we found that

91% of tandem duplicated, 87% of segmental duplicated, and

75% of background duplicated full-length cDNAs had expres-

sion detected.

Detection of Transcriptional Activity in the Nonannotated

Regions of Rice Chromosome 4

Differing from genomic DNA amplicon microarrays that only

represent annotated genes (Jiao et al., 2003; Kim et al., 2003),

tiling path microarrays are also useful for detecting novel

transcription in nonannotated regions. To this end, we applied

the same expression threshold to examine fragments within

nonannotated regions in each sample set. These surveys re-

sulted in the detection of transcriptional activity in 1643 non-

annotated regions (see Supplemental Table 2 online). Among

these 1643 nonannotated regions, 1076 (65%) were commonly

detected in all organs or cultured cells. This is similar to the 61%

(2013) of the 3296 expressed gene models that were commonly

expressed in all six organs and cultured cells.

To provide independent experimental support for the tran-

scriptional activity detected in these nonannotated regions, we

randomly selected 21 such expressed nonannotated regions for

RNA gel blot analysis using the same RNA samples used for

microarray analysis. Specific RNA species in 16 of these 21

nonannotated regions were clearly detected in this RNA gel blot

analysis (Figure 4). The RNA gel blot signal strengths for most

bands were usually consistent with microarray hybridization

intensities (data not shown).

Organ-Specific Transcriptional Profiles Reflect Their

Developmental and Physiological Characteristics

To examine the organ-specific transcriptional activities of chro-

mosome 4, we compared the transcriptional profiles of five

selected organs using cultured cells as a common control (Figure

3A). Unsupervised hierarchical clustering of all of the fragments

with differential expression revealed the transcriptional similari-

ties among different organs (Figure 5). This analysis indicated that

Figure 3. Expression of Chromosome 4 Gene Models in Representative Organs and Cultured Cells.

(A) Photographs of five representative rice organs selected for experimental analysis. Note that these images are not at the same magnification and thus

do not reflect relative sizes in real samples.

(B) Number of annotated gene models and full-length cDNA genes for which expression was detected. The number of gene models whose expression

was detected in at least one sample set is labeled Total, whereas the number of gene models transcribed in all six sample sets examined is labeled

Common.
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seedling and tillering-stage shoots were closer to each other.

Flag leaves and panicles, both at the heading stage, shared more

similar transcription profiles. Roots exhibited a transcriptional

profile quite distinct from those of other organ types. Each organ

also contains a unique set of specifically enriched transcripts

located on chromosome 4, as shown in Figure 5. These results

suggest that it is plausible that a relatively small number of

specifically expressed or enriched genes in each organ define its

developmental and physiological characteristics.

Possible Developmental Regulation of Transcription at the

Chromosomal Scale

To examine transcriptional activity along the chromosome, we

calculated the average intensity of all fragments in each 100-kb

window for each tissue type (Figure 6). For this analysis, frag-

ments covering transposon-related gene models or highly re-

petitive sequences were excluded. From Figure 6A, it is evident

that the transcriptional activity along the chromosome is uneven

and subject to developmental regulation. All samples from

juvenile stages had stronger expression in the distal portion of

the long arm.

To correlate chromosome transcriptional activity with chromo-

some organization, a fluorescence in situ hybridization analysis

of chromosome 4 was performed using the centromere-specific

repeat sequence and a BAC clone located at position 16.9 Mb

(Figure 6D). The fluorescence in situ hybridization image shown

in Figure 6D clearly indicates that this BAC clone is located within

the last of the eight major heterochromatin knobs, thus ;0.5 to

2 Mb away from the bordering region of the heterochromatin

and euchromatin of chromosome 4.

Interestingly, this defined separation of heterochromatin and

euchromatin correlates with a general stronger transcriptional

activity of juvenile-stage rice tissues in the euchromatin half

(Figure 6A). Although the transcriptional profiles for root were

quite distinct from those for shoot (Figure 5), they both had strong

transcription in euchromatin. On the other hand, samples from

reproductive-stage flag leaf and panicle had relatively weaker

transcription in euchromatin but greater transcription in parts

of the heterochromatic regions. These two reproductive-stage

organs had strong transcription near the centromere region,

which is located at ;9.6 Mb (Zhang et al., 2004) (Figure 6D).

Compared with the other samples, cultured cells had more

uniform transcriptional activities along the chromosome.

Figure 4. RNA Gel Blot Analysis of 16 Representative Nonannotated DNA Fragments.

The transcripts were detected in 16 nonannotated regions with the chromosome coordinates of each fragment shown at the top of each panel. In total,

21 nonannotated fragments were analyzed, with 16 (76%) showing hybridization signals. The remaining five nonannotated DNA fragments did not

present hybridization signals under our conditions. The RNA samples from cultured cells or specific organs subjected to microarray analysis were used

for RNA gel blot analysis with the following order, from lane 1 to lane 5: cultured cells, seedling shoot, seedling root, flag leaf, and panicle.
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We also examined the percentage of transcribed fragments

among fragments with annotated gene models in 100-kb win-

dows along the chromosome (Figure 6B). We noted that

reproductive-stage panicle and flag leaf had fewer gene models

transcribed in euchromatic regions from 18 Mb to the distal end

(Figure 6D). In heterochromatic regions, there was generally no

obvious difference in the percentage of transcribed fragments

among different organs or cultured cells. One distinct exception

was the first 2-Mb region at the distal end of the short arm, where

juvenile samples, together with cultured cells, had stronger

transcription than reproductive samples. In fact, the transcription

properties of this region were quite similar to those of euchro-

matic regions in the long arm. Several other domains within

heterochromatin show similar transcriptional profiles that are

distinct from those of their neighboring regions. These short

domains are usually 1 to several Mb in size, as emphasized by the

bars in Figure 6A. In the region flanking the centromere, slightly

stronger average transcriptional activity was detected in the

two reproductive-stage samples, whereas the percentages of

transcribed gene models were close among all samples. These

patterns suggest slightly higher transcriptional activity of gene

models in the 1-Mb region toward the centromere in reproduc-

tive flag leaf and panicle. Chromosomal domains with similar

transcriptional profiles between different organs and cultured

cells are highlighted by bars in Figure 6A. It is interesting that this

discontinuous pattern of transcriptional activity in the hetero-

chromatin half of chromosome 4 is somewhat reflected in its

uneven cytological staining pattern. Both previous studies

(Cheng et al., 2001) and the data in Figure 6D suggest that the

heterochromatin half of chromosome 4 is composed of eight

intensely stained knobs (four on each side of the centromere)

with relatively weakly staining gaps.

We further examined the annotated gene model density along

the chromosome and found that euchromatic regions generally

have more nonredundant protein-coding gene models (exclud-

ing transposon-related models) than heterochromatic regions

(Figure 6C). However, no general correlation between gene

model density and transcription activity seems to exist in all

samples examined.

Rice Chromosome 4 Gene Models with Significant

Homology with Arabidopsis Genes Are Enriched in

Euchromatic Regions

It has been reported that a large fraction of rice gene models are

not significantly homologous at the sequence level with Arabi-

dopsis genes (Rice Chromosome 10 Sequencing Consortium,

Figure 5. Cluster Display of Differentially Expressed Genomic Frag-

ments in Distinct Organs.

Centroid linkage hierarchical clustering was performed on transcription

ratios of each organ versus cultured cells. Lane 1, panicle; lane 2, flag

leaf; lane 3, tillering shoot; lane 4, seedling shoot; lane 5, seedling root.

Only those gene models that exhibited differential expression among five

organ samples were included. Differential expression was determined by

the analysis of variance F test with P < 0.001. Each fragment must have

expression detected in at least one organ sample. A total of 1915

fragments were included in this cluster analysis. Yellow indicates high

levels of expression in a specific organ relative to cultured cells; blue

indicates low levels compared with cultured cells; and gray indicates

missing data. The dendrogram shows the relationship among organs

based on expression.
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2003; Rice Full-Length cDNA Consortium, 2003). In principle,

those rice gene models lacking significant homology with Arabi-

dopsis genes may represent fast-evolving genes. Alternatively,

the majority of this group of less conserved gene models may

represent highly diverged transposon-related sequences and

may not be real genes (Bennetzen et al., 2004). Therefore,

grouping rice gene models based on their homology with the

Arabidopsis genome may also separate gene models with high

confidence from potentially misannotated models.

To this end, we compared all gene models of rice chromosome

4 against the Arabidopsis genome. An expectation value cutoff

of 10�7 was used for the homology search (see Methods for

details). Based on these criteria, 3166 rice chromosome 4 gene

models exhibited significant sequence homology with Arabidop-

sis genes and were named high-homology (HH) gene models.

The rest of the 2516 gene models lacked significant homologous

counterparts in the Arabidopsis genome and were defined as

low- (or no-) homology (LH) gene models.

Figure 7 illustrates the chromosomal distribution of nonredun-

dant HH and LH gene models along the chromosome by the

density of each group. In the first half of the chromosome, which

is mostly cytologically defined as heterochromatin, the densities

of HH and LH gene models are quite similar. This part includes

the entire short arm and the proximate portion of the long arm,

for a total length of ;19 Mb. In the rest of this chromosome

(from 19 Mb toward the distal end of the chromosome), we

found a conspicuous enrichment of HH gene models, with twice

as many HH gene models present. The HH gene model density

shows a dramatic increase from ;80 gene models/Mb to ;110

gene models/Mb, whereas the density for LH gene models

exhibits a clear reduction of ;25 gene models/Mb in euchro-

matic regions compared with heterochromatic regions.

Figure 6. Chromosomal Transcriptional Analysis of the Nonredundant Protein-Coding Gene Models of Rice Chromosome 4.

(A) Average expression intensities of transcribed fragments in each 100-kb window along the chromosome in each organ or cultured cells. Bars at

bottom highlight chromosomal domains based on expression.

(B) Percentage of expressed gene models in a 100-kb window along the chromosome in each organ or cultured cells.

(C) Annotated nonredundant protein-coding gene model density along the chromosome in a 100-kb window.

In (A) to (C), the position of the centromere is represented by a green line, whereas the last major knob of the heterochromatin half of chromosome 4 (as

defined in [D] below) is shown by a pink line.

(D) Karyotyping of rice pachytene chromosome 4 and positioning of the euchromatin and heterochromatin border region. Left, chromosome

fluorescence in situ hybridization using the centromeric probe CentO (green signal) and a BAC clone, OSJNBa0034E24 (pink signal), located at 16.9 Mb.

This BAC clone is located within the last major knob of the heterochromatin half of chromosome 4 and thus is close to the border of the heterochromatin

and euchromatin domains. Right, the 496-diamidino-2-phenylindole dihydrochloride–stained chromosome 4 at left was converted to a black-and–white

image to enhance the visualization of the distribution of euchromatin and heterochromatin. The centromere and euchromatin/heterochromatin border

region are indicated by green and pink arrows, respectively. Eight heterochromatin knobs are highlighted by red arrowheads. Bar ¼ 5 mm.
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The expression of both nonredundant HH gene models and

nonredundant LH gene models followed a similar pattern for all

gene models as a whole. Both groups of gene models exhibited

higher expression in euchromatin from the juvenile stages and

increased expression in some domains in heterochromatin at

the reproductive stage (Figure 8). In general, we did not find an

obvious pattern specific for HH or LH gene models in expression

at 100-kb resolution along the chromosome. A few short regions

(<1 Mb) in the heterochromatic portion of the chromosome had

stronger average transcription for LH gene models than for HH

gene models. This observation in heterochromatin suggests

that a fraction of LH gene models may in fact correspond to

transposon-related elements, which were misannotated as

nonredundant gene models. The differences in transcriptional

strength are more distinct for reproductive-stage samples and

cultured cells than for juvenile samples.

General Increase of Transcriptional Activity of

Transposon-Related Gene Models in the

Reproductive Stage

There are 1501 gene models on chromosome 4 annotated

by TIGR as transposon-related. By comparing the average

transcriptional activity of only those fragments covering

transposon-related gene models in each 100-kb window along

the chromosome, we found much weaker average transcrip-

tion for them than for those fragments containing nonredun-

dant protein-coding gene models (cf. Figures 6 and 9). On the

other hand, a conspicuous increase in transposon-related gene

model expression in reproductive-stage organs was detected

(Figure 9). The transcriptional activity increase of transposon-

related elements in flag leaf and panicle was dramatic in

heterochromatin but was also observed in limited regions in

euchromatin. Cultured cells also showed a stronger transcription

of transposon-related models than juvenile-stage samples, al-

though not as strong as those in the reproductive-stage flag leaf

and panicle. This increased transcription in cultured cells was

restricted to heterochromatin only. Both shoots and roots from

juvenile stages showed low transcription of transposon-related

models, which can be visualized by the dominant cold colors

in Figure 9.

The stronger transcription of transposon-related gene models

in heterochromatin than in euchromatin was also noticeable in

all samples examined. Even though our measurement of the

average transcriptional activity was independent of probe den-

sity, we found that regions with higher transposon-related ele-

ment density, which are heterochromatic regions, generally had

a higher average transcription of transposon-related models.

Such higher transcription of more densely distributed transpos-

able elements in heterochromatin was consistent in all of the

samples profiled (Figure 9).

To further dissect transposon-related gene models on chro-

mosome 4, we separated out retrotransposon gene models and

DNA transposon gene models (Mao et al., 2000; Turcotte et al.,

2001). A total of 1147 transposon-related gene models were

classified as retrotransposons, and 344 were classified as DNA

transposons. Among the retrotransposons, the gypsy-like sub-

class was the dominant group, with 505 members. Another 124

Figure 7. Density Distribution of HH and LH Gene Models Along Rice Chromosome 4 in a 1-Mb Window.

HH and LH gene models were defined by homology search with all Arabidopsis gene models using tBLASTN (for details, see Methods). Solid line,

centromere; dotted line, the last major knob of the chromosome 4 heterochromatin half.
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retrotransposon-related models matched the copia-like sub-

class. A total of 285 DNA transposon-related models matched

the En/Spm superfamily.

Although there are clearly more retrotransposon-related gene

models in heterochromatin than in euchromatin, the DNA trans-

poson gene models show less difference in distribution along the

chromosome (Figure 10A). In euchromatic regions, retrotrans-

poson gene models have a density of;15 gene models/Mb. The

density of retrotransposon models has a threefold increase to

;50 gene models/Mb in heterochromatin. The average density

of DNA transposons increases from <10 gene models/Mb in

euchromatin to ;15 gene models/Mb in heterochromatin. Our

result is consistent with the previously reported active transcrip-

tion of retrotransposons in grass genomes by EST analysis

(Vicient et al., 2001).

Comparison of the transcription of DNA transposon gene

models and retrotransposon gene models suggests that retro-

transposon models generally have stronger transcriptional ac-

tivity than DNA transposon models (Figure 10B). This difference

is more evident in the reproductive-stage flag leaf and panicle.

Cultured cells show the most distinct difference in transcription

between retrotransposon models and DNA transposon models.

No obvious difference was found among the above-mentioned

major DNA transposon subclasses or among retrotransposon

subclasses.

DISCUSSION

In this study, we used a genomic DNA fragment-based tiling

path microarray to provide transcriptional activity profiles of

rice chromosome 4 in representative rice organs or tissues. As

chromosome 4 was one of the first three completely sequenced

rice chromosomes, experimental analysis of its annotation could

provide a valuable resource for improvements to in silico gene

annotation in rice. The chromosome-wide transcriptional analy-

sis presented here also provides insights into the relationship

between transcriptional activity and chromosome organization.

A Minimal Tiling Path Microarray to Represent the

Entire Chromosome

As an extension of such PCR-based genomic DNA amplicon

microarrays (Kim et al., 2003), which cover only annotated

coding regions, a minimal tiling path microarray was used

to survey global transcriptional activity. A minimal tiling path

microarray has several advantages. First, its essentially full-

chromosome coverage has the potential to detect novel sites of

transcription, irrespective of available annotation information.

Second, by using the same DNA fragments used for sequencing,

it is possible to amplify the entire chromosome in an efficient and

economical way using only universal primer pairs with high

throughput and reproducibility. This tiling path microarray con-

struction strategy was recently implemented to study transcrip-

tion of the human genome at a small scale in a 1.7-Mb region (Li

et al., 2004). Third, tiling path microarray analysis also has the

potential to be used in other applications on a genome scale. For

example, global protein–DNA binding and DNA modification

sites can be mapped by a tiling path microarray (Sun et al., 2003).

However, there are also limitations to the minimal tiling path

microarray. The resolution of this array is not adequate to

examine the structure of a single gene model. Indeed, 19% of

the gene models studied were represented by subclones that

covered more than one gene model, although many of these

were within clusters of short gene models. Cross-hybridization is

a common and inherent problem of microarray analysis and for

other DNA hybridization-based methods (Held et al., 2003). Both

Figure 8. Average Expression Levels of HH and LH Gene Models Along the Chromosome in Each Organ or Cultured Cells.

Average expression intensities of fragments with HH gene models and fragments with LH gene models were calculated separately. Fragments with

annotated transposon-related gene models were excluded. All features were calculated from 100-kb windows across the chromosome. Green line,

centromere; pink line, the last major knob of the chromosome 4 heterochromatin half.
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of these situations clearly affected the accuracy of our assess-

ment to some extent. However, comparisons of average tran-

scriptional activity for each 100-kb window overcame this

weakness to some extent (Figure 6). To test the potential

cross-hybridization caused by such short repetitive sequences

with a high copy number in the genome as miniature inverted

repeat transposon-related elements (MITEs) (Feng et al., 2002),

we examined all nonannotated fragments used for RNA gel blot

analysis and found nine of those fragments with MITEs. None of

them showed a smear on the RNA gel blot, regardless of whether

the main bands were detected (Figure 4). Among our 21

randomly selected nonannotated fragments, 7 of them also

included simple repeats, such as (CAG)n. Some of these simple

repeats have hundreds of copies in the genome. Again, RNA gel

blot results did not suggest a cross-hybridization problem,

because no smear was detected on RNA gel blots. Therefore,

cross-hybridization may not be a major problem. However,

considering the technical difference between RNA gel blot and

microarray analyses, it is not feasible to estimate the exact ex-

tent of cross-hybridization in our microarray analysis.

Repetitive sequences without coding capacity did not signif-

icantly affect the hybridization of reverse-transcribed probes to

the microarray or even to RNA directly (Figure 4). Although many

transposons exist in copy numbers of only a few per genome and

exhibit homology only to a low degree (Bennetzen et al., 2004),

we cannot rule out the potential cross-hybridization among

certain transposon-related families, specifically transcribed

retrotransposons, and DNA transposons. The separation of

transposon-related gene model–containing fragments from all

other fragments largely isolated this problem to only transposon-

related gene models. A sequence similarity search suggests that

;60% of the transposon-related gene models have at least one

other such gene model with high similarity (>80% at the nucle-

otide level) in the entire rice genome. A similar problem could also

happen to duplicated genes and to nonannotated regions. Close

to 19% of all gene models are considered potential duplicated

genes. Interestingly, these potential duplicated genes do not

exhibit stronger transcription than unique genes. We believe

that portions of these duplicates, especially background dupli-

cates, are actually pseudogenes. It has been shown that DNA

sequences with identity above 80% exhibit detectable cross-

hybridization (Hughes et al., 2001); therefore, when interpreting

the hybridization results for transposon-related gene models,

we should be cautious about this cross-hybridization effect.

Microarray Analysis Provides an Important Complement to

Computational Annotation

We demonstrated that >81% of computationally annotated gene

models have transcriptional activity. As a control, our detection

rate of full-length cDNA-supported gene models was 86%.

Recently, it was suggested that a significant portion of annotated

rice-specific gene models might be transposon-related, and

some of them may even be expressed (Bennetzen et al., 2004;

Jabbari et al., 2004; Jiang et al., 2004). If this is the case, our tiling

microarray analysis will be able to detect the expression of these

transposon-related gene models (Bennetzen et al., 2004), al-

though detection of expression would not directly imply a func-

tional role of those gene models.

In addition to the annotated regions, we also identified

transcriptional activities in 1643 nonannotated regions. Among

them, 1076 had transcriptional activities in all samples. Using

RNA gel blot analysis, we detected 16 of 21 hybridizing frag-

ments. Those regions not detected by RNA gel blot analysis

usually had a low abundance of transcripts based on microarray

data. Importantly, in no case did we detect any smear or other

minor bands, which would indicate cross-hybridization caused

by possible repetitive sequences. However, we may still not be

able to rule out cross-hybridization in the detected nonannotated

transcription activities.

These novel nonannotated transcription activities may arise

from a variety of situations. The first possibility is that some of

the transcripts come from missed genes in nonannotated re-

gions. These transcripts can include protein-coding genes and

non-protein-coding RNAs with structural, catalytic, or regulatory

capacity. These regions may also encode transposons that are

transcriptionally active but lack homology with other transpo-

sons (Bennetzen et al., 2004). Alternatively, some of these novel

transcripts might be missing parts of a neighboring annotated

Figure 9. Average Expression Levels of Transposon-Related Gene Model–Containing Fragments Along the Chromosome.

Average expression intensities in each sample as well as transposon (TE)-related gene model densities were calculated from 100-kb windows across

the chromosome. Green line, centromere; pink line, the last major knob of the chromosome 4 heterochromatin half.

Rice Chromosome 4 Transcriptome 1651



gene model. It has been reported that although computational

annotation algorithms have high reliability for locating a gene

model in the chromosome region, they are less reliable in

predicting the precise structure of that gene (Zhang, 2002). For

example, an exon can be missed or the 39 or 59 noncoding

regions not as accurately identified as the coding regions. The

resolution limitation of this microarray, however, prohibited us

from further distinguishing these possibilities.

Chromosome-Level Regulation of Transcriptional Activity

The eukaryotic chromosome is organized into two forms, het-

erochromatin and euchromatin, which are defined by their

cytological staining patterns. Recent sequencing of heterochro-

matin in Arabidopsis and rice successfully integrated cytological

features and sequence data (CSHL/WUGSC/PEB Arabidopsis

Sequencing Consortium, 2000; Feng et al., 2002; Sasaki et al.,

2002; Rice Chromosome 10 Sequencing Consortium, 2003),

providing new insights into this cytological structure. It has been

suggested that Arabidopsis heterochromatic regions are de-

termined by transposon-related elements and that their assem-

bly is associated with chromatin remodeling, including DNA

methylation, histone methylation, small interfering RNAs, and

DNA replication (Soppe et al., 2002; Lippman et al., 2004).

Kim et al. (2003) have observed an association between

chromosome organization and expression using microarrays in

Figure 10. Chromosomal Distribution of Two General Types of Transposon-Related Gene Models and Their Average Expression among Distinct

Organs.

(A) Density distribution of transposon-related gene models. Transposon-related gene model classification was based on gene annotation from TIGR.

The density was calculated from 1-Mb windows across the chromosome. Solid line, centromere; dotted line, the last major knob of the chromosome 4

heterochromatin half.

(B) Average expression intensities of retrotransposon-related gene models and DNA transposon-related gene models in each organ or cultured cells.
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Arabidopsis chromosome 2. However, limited cytologically de-

fined heterochromatin in the Arabidopsis chromosome makes it

difficult to extend the learned relationship between chromatin

features and transcription in Arabidopsis to rice, because the

latter is dramatically different from Arabidopsis in its chromo-

some organization.

Using rice chromosome 4 as a case study, we systematically

explored the molecular features and transcriptional activities of

heterochromatin in rice. Integration of the cytological map with

sequence data and the physical map (Chen et al., 2002; Feng

et al., 2002; Zhao et al., 2002) suggests that an ;17-Mb region

starting from the telomere of the short arm is heterochromatic

(Figure 6D). We found a high density of retrotransposon gene

models in this heterochromatic region (Figure 10A). The density

of DNA transposon gene models was also increased slightly in

heterochromatin but not in euchromatin.

Profiling of the transcriptional activities of nonredundant

protein-coding gene models showed that rice heterochromatin

also has many transcriptionally active gene models embedded

within it, although at a lower density. In spite of the fact that half

of rice chromosome 4 is cytologically defined heterochromatin

(Cheng et al., 2001), it is quite possible that the transcriptionally

repressed regions are scattered among transcriptionally active

gene models (Lamond and Earnshaw, 1998). Therefore, it is likely

that the microscopically scattered, rather than continuous,

heterochromatin regions on the short arm, and also part of the

neighboring long arm region, form the cytological heterochro-

matin. Lippman et al. (2004) recently showed in Arabidopsis that

transcriptionally active regions can indeed lie within small islands

of transcriptionally repressed domains in heterochromatin. Fur-

thermore, the heterochromatic region has a similar density of HH

and LH gene models, whereas euchromatin has a much higher

density of HH gene models than LH gene models (Figure 7).

However, the causal relationship between HH/LH gene model

distribution and heterochromatin and euchromatin division is not

clear. We speculate that chromatin structure may play a global

regulatory role in the transcription of nonredundant protein-

coding gene models during development (Figures 6 and 8).

Euchromatin showed active transcription in all juvenile-stage

samples but a generally weaker transcription in all reproductive-

stage samples. Heterochromatin showed relatively weak tran-

scription in juvenile samples, but the transcription of a domain in

heterochromatin is noticeably stronger at the reproductive stage.

In reproductive-stage samples, the transcriptional activity in

most of the heterochromatin is similar to that in euchromatin.

Cultured cells as undifferentiated cell types show relatively more

uniform transcriptional activity along the entire chromosome

(Figure 6). Previous studies have shown the effect of chromatin

structures on gene transcription in a wide range of plants,

including monocots and dicots (Mlynárová et al., 1994; Tikhonov

et al., 2000; Rudd et al., 2004), but our data extended this

possible regulation to the chromosomal scale and tentatively

associated this regulation with the heterochromatin and euchro-

matin structures. The underlying mechanisms of those regula-

tions are not known, but modification at the DNA or histone level

or RNA interference are possible routes (Henikoff and Comai,

1998; Pandey et al., 2002; Reyes et al., 2002; Lippman and

Martienssen, 2004). Contrary to the nontransposon gene mod-

els, an increase in transcriptional activities of transposon-related

elements in reproductive-stage organs, especially those lo-

cated in heterochromatic regions, was observed (Figure 9). Cul-

tured cells showed medium transcriptional activity between

reproductive-stage and juvenile-stage organs. A very recent study

has suggested that certain retrotransposon RNA may interact

with chromatin structure to form complexes with the potential to

maintain the chromatin functions in maize (Topp et al., 2004).

In Arabidopsis, Lippman and colleagues (2004) demonstrated

that DNA methylation and histone modification correlate with

the activation of transposon-related gene models using a tiling

path microarray for a heterochromatic region. It is quite possible

that certain rice retrotransposon RNA species may also per-

form some functions to maintain the structure of chromatin, and

rice also uses DNA methylation and histone modification to con-

trol the activities of transposon-related elements.

Thus, it is reasonable to speculate that the organization of

the chromosome into heterochromatic and euchromatic regions

may enable rice to have another level of regulation at the

chromosome level. This regulation could be applied to both

nonredundant protein-coding gene models and to transposon-

related gene models. For both groups of gene models, it seems

that the developmental phase, rather than the organ identity, may

be the signal for the chromosome-level regulation of transcrip-

tion. This type of developmental regulation at the chromosome

level would be consistent with the reported developmental

regulation of heterochromatin assembly and activity (Preuss,

1999; Meyer, 2000; Ahmad and Henikoff, 2001).

An increasing body of evidence has shown that transposon-

related elements contribute to the evolution of a genome

(Feschotte et al., 2002). Studies of the current genome se-

quence structure in maize have suggested that transposon-

related elements could rapidly restructure a genome (SanMiguel

et al., 1998). Our observation of the active expression of

transposon-related gene models in reproductive stages sug-

gests that this process may occur more frequently at the mature

stage, or the end of the life cycle, in a rice plant. Although the

movement of transposon-related elements can provide re-

sources for selection during evolution, they are more likely to

cause malfunction of useful genes. Activation of transposon-

related elements, especially retrotransposons, only at the mature

stage seems to be a solution for balancing both survival and the

need for new gene creation.

METHODS

Collection of the Minimal Tiling Path Fragments of

Rice Chromosome 4

The minimal tiling path was selected from sequenced subclones of

chromosome 4 of rice (Oryza sativa ssp japonica cv Nipponbare). We

selected subclones using the assembled sequences of BACs or P1-

derived artificial chromosomes (PACs). All subclones were derived from

libraries constructed from sheared BAC or PAC DNA and ligated into

pBluescript vectors (Stratagene, La Jolla, CA). To reach a fine tiling

coverage of the chromosome, we selected a single set of sequenced

clones based on minimal overlaps between fragments. To this end, we

initially determined the positions of the shotgun subclones within the
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regions that were defined by BACs and PACs (Zhao et al., 2002).

Subclones at the overlapping regions between BACs and PACs were

further streamlined to minimize redundancy. A minimal tiling path was

then calculated to minimize the overlapped subclones (Figure 1A). The

selection also tried to keep a uniform size and to have a minimal presence

of repetitive sequences.

A chromosome 4 pseudomolecule, computational gene models, and

their predicted transcripts (version 2.0, April, 2004) were downloaded

from the TIGR rice genome database (Yuan et al., 2003; http://

www.tigr.org/tdb/e2k1/osa1/). Full-length cDNA sequences were down-

loaded from the Knowledge-Based Oryza Molecular Biology Encyclo-

pedia database (Rice Full-Length cDNA Consortium, 2003; http://

cdna01.dna.affrc.go.jp/cDNA/). Subclone fragments and gene model

transcripts were remapped to the pseudomolecule using BLAT (Kent,

2002). Fragments longer than 5 kb or containing sequence gaps were

removed. In the final count, 14,742 fragments were successfully

amplified and used in the tiling path microarray. The expression of

each gene model was represented by the expression of the fragment

with the longest overlap. Overlap calculation was based on BLAT

results of gene models and fragment locations on the chromosome

pseudomolecule. In general, fragments covering more than one gene

model were not used unless they occurred in the following situations: (1)

one gene model occupied the predominant portion of the sequence and

it did not have any unique genomic fragment by itself; and (2) the other

gene model took up only a small region of the fragment and its

expression, as judged from the other overlapping fragment, was at

a much lower level. In total, 845 fragments fit these criteria and were

used for the calculation of expression.

Construction of the Tiling Path Microarray

Selected subclone fragments were amplified by PCR using subclone

plasmid DNA as a template. We performed PCR using TaKaRa LA Taq

and TaKaRa Ex Taq kits (TaKaRa, Dalian, China) with 0.02 nM of one of

the following common primer pairs (LAS2, 59-CCCAGTCACGACGTTG-

TAAAACGACGGCCAGTGCC-39, and LAS4, 59-GAATTGTGAGCGGAT-

AACAATTTCACACAGGAAAC-39; LAF, 59-CCCTCGAGGTCGACGGTA-

TCGATAAGCTTGATATC-39, and LARb, 59-GTAATACGACTCACTATA-

GGGCGAATTGGAGCTCC-39; S2, 59-CGTTGTAAAACGACGGCCAG-39,

and S4, 59-CGGATAACAATTTCACACAG-39; and F, 59-CCTCGAGGTC-

GACGGTATCG-39, and Rb, 59-AATACGACTCACTATAGGGC-39) and 5

ng of plasmid DNA. PCR amplicons were purified by ethanol precipitation.

We resuspended purified PCR products in water and ran an equal amount

of sample from each fragment on an agarose gel for quality control.

Fragments that migrated as a single band of the predicted size and

also had a DNA concentration >100 ng/mL were used for microarray

printing.

Arabidopsis Functional Genomics Consortium microarray control sets

were used as negative controls. These 18 controls were selected as

showing no cross-hybridization with Arabidopsis thaliana RNA (http://

www.arabidopsis.org/links/microarrays.jsp). After sequence comparison

with rice and pilot experiments, we removed two additional controls with

potential cross-hybridization. Each of the remaining 16 distinct controls

was repeated 16 times for array printing.

For microarray printing, we combined the resuspended PCR fragments

with DMSO (1:1) and transferred 8 mL of each sample to 384-well printing

source plates (Whatman, Clifton, NJ). All 256 negative control DNA

fragments and 16 rice genomic DNA samples were also resuspended in

printing solution and transferred onto printing plates. All DNA fragments

were arrayed onto Corning (Corning, NY) GAPS slides using a VersArray

ChipWriter Pro system (Bio-Rad, Hercules, CA). Printed slides were

allowed to dry at room temperature and cross-linked at 150 mJ in

a Stratalinker (Stratagene). Print quality was confirmed by staining for

total DNA with POPO-3 (Molecular Probes, Eugene, OR).

Plant Materials

The rice strain used for all experiments was japonica cv Nipponbare.

Seeds were baked at 428C for 3 d to break seed dormancy and then

spread in water at 26 to 288C. We collected 7-d-old seedling shoots and

roots (Figure 5A) from normal light-grown plants. Two-week-old seed-

lings were transferred into soil in controlled-environment chambers (26 to

288C, 13-h-light/11-h-dark light cycle). Tillering-stage shoots (with four

tillers), heading-stage flag leaves, and heading-stage panicles were

collected from those plants with normal growth. Suspension cell cultures

were also derived from the same rice strain using previously described

protocols (Yu et al., 1991).

Preparation of Labeled cDNA Probes and Microarray

Hybridization Conditions

Plant materials were frozen in liquid nitrogen and ground to powder using

a chilled mortar and pestle. Total RNA was isolated using TRIzol

(Invitrogen, Carlsbad, CA) and purified using the RNeasy kit (Qiagen,

Valencia, CA). Oligo(dT) was used to selectively synthesize and label

cDNA from poly(A)þ mRNA. The probe-labeling protocols used for this

study were modified from those used for EST microarrays (Ma et al.,

2001). Total RNA (100 mg) was labeled by direct incorporation of amino-

allyl–modified dUTP (Sigma-Aldrich, St. Louis, MO) during reverse

transcription. After reverse transcription, template RNA was degraded.

The amino-allyl–modified dUTP–labeled cDNAs were purified using

a Microcon YM-30 filter (Millipore, Billerica, MA) and resuspended in

0.1 M NaHCO3. The cDNA probe was further fluorescently labeled by

conjugating the monofunctional Cy3 or Cy5 dye (Amersham, Piscataway,

NJ) to the amino-allyl functional groups. After coupling at room temper-

ature for 45 to 60 min, the labeling reaction was stopped by ethanolamine.

The fluorescent dye–labeled probe was separated from unincorporated

monofunctional dye and concentrated to a final volume of 7 mL for

hybridization using a Microcon YM-30 filter. Microarray hybridization,

microarray slide washing, and array scanning were performed as de-

scribed previously (Ma et al., 2001).

Microarray Experimental Design and Dye-Effect Assessment

We followed the reference design for microarray experiments (Clarke and

Kempson, 1997; Wu et al., 2003). A suspension-cultured cell RNA sample

was used as the reference sample, and all comparisons were made

between an organ sample and the reference sample with the same

direction of dye labeling. Each organ sample was collected from multiple

plants, and three independent biological replicates were collected.

Amplified cDNA was prepared twice from each RNA sample. Thus, six

quality data sets from three independent RNA samples were obtained for

each organ type. Pooled suspension-cultured cell RNA was used as

a reference sample in all hybridizations. We selected suspension-cultured

cells as the reference because it is an undifferentiated cell type and

expresses a relatively high percentage of its genome.

We started with a set of pilot experiments to check the dye effect on our

microarray data quality using seedling shoot and cultured cell RNA

samples on this tiling array. Each RNA sample was labeled with Cy3 or

Cy5. Seedling shoot RNA and cultured cell RNA samples labeled with

different dyes were paired together and hybridized to two identical slides

to obtain two repeats, with the only difference being the labeling direction.

This step was repeated three times (with the three independent RNA

samples) to provide three repeats labeled in one direction and three in the

reverse direction. We calculated the correlation coefficient of logarithm-

transformed raw intensities between each pair of intersample repeats

before any correction or normalization. As shown in Supplemental Figure

1 online, we found that the correlations between repeats labeled with the

same dye did not exhibit significant differences in data reproducibility
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compared with repeats labeled with different dyes. This relatively low dye

effect is likely attributable to the fact that we used the amino-allyl dye-

coupling method for labeling to reduce the incorporation bias of the two

dyes (Lee et al., 2004). Based on this initial study, we chose to use the Cy5

dye for all organ sample labeling, whereas the reference sample was

labeled with Cy3 dye.

Microarray Data Collection and Initial Normalization

Hybridized microarray slides were scanned with a GenePix 4000B

scanner (Axon, Union City, CA), and TIFF images were initially processed

using GenePix Pro 3.0 software. Spots with unusual morphology or high

background were manually removed from further analysis. All spots with

foreground intensity less than two times the background SD in both

channels were also removed. Median foreground minus median back-

ground intensities were used for subsequent steps.

To identify and remove systematic sources of variation, including dye

effects and spatial effects, we used the lowess normalization method for

each print-tip group on each slide with the MAANOVA package for R

(Yang et al., 2002; Wu et al., 2003). Normalized log2-transformed ratios of

signal intensities had a median of zero.

Differential Expression Analysis

To identify differentially expressed spots among five organs, we fitted

normalized replicate intensities of all organs together with cultured cell

controls into an analysis of variance model. For each data set, the spot

intensities of both organ and reference cultured cells (Cy3 and Cy5

channels) were used. The model is given by yijkl¼mþAiþDjþADijþ Slþ
VSkl þ DSjl þ ASil þ eijkl, where yijkl denotes the logarithm-transformed

signal for spot l on slide i labeled with dye j of sample k. The overall mean

effect was represented by m; A, D, and S represent main effects from

array, dye, and spot, respectively. The interaction terms AD, VS, DS, and

AS represent array by dye, sample (variation) by spot, dye by spot, and

array by spot, respectively. The random error is denoted by eijkl. We were

interested in the term VS. The analysis of variance described above was

performed on each spot using MAANOVA for R with F statistics computed

on the James-Stein shrinkage estimates of the error variance (Kerr et al.,

2000; Wu et al., 2003). The false-discovery rate controlling method

(Benjamini and Hochberg, 1995) was used to control for multiple testing

errors through a function included in MAANOVA. We selected spots with

P < 0.001 in the F test after false-discovery rate adjustment as differ-

entially expressed. To further examine these selected differentially ex-

pressed spots, the log2-transformed expression ratios between each

organ sample and cultured cells were clustered using the CLUSTER

program with an unsupervised centroid linkage hierarchical clustering

algorithm (Eisen et al., 1998).

Determination of the Expression Threshold

The threshold for the detection of expression was determined for each

hybridization repeat by constructing a distribution of normalized intensi-

ties obtained by considering the negative control spots. We found an

intensity cutoff with a false-positive rate of 1% using Student’s t test on

log10-transferred intensities. All positive control spots of genomic DNA on

each slide had expression above this cutoff. We also selected 515

fragments containing cDNA to further estimate type II errors. We found

;80% of them had intensities above this cutoff in most samples (Figure

2B). Recent studies in Arabidopsis suggest that the detection rate of

cDNA in an organ sample ranges from 77 to 84% (Yamada et al., 2003;

Redman et al., 2004). Thus, such a 1% false-positive rate will also give

a reasonable false-rejection (type II error) rate base to the experimental

information described above. Spots with an expression signal above the

cutoff in four of six data sets for the same organ were considered

expressed in that organ type.

Estimation of Average Intensities for Each Fragment (Spot)

For the display of transcriptional activities along the chromosome,

intensities of individual replicates for all samples were further normalized

via quantile normalization (Bolstad et al., 2003). After this normalization,

intensities of all replicates representing different organ or cultured cell

samples reached a common median. All normalized intensities for each

expressed spot were then averaged among all replicates of the same

sample to obtain a single statistic, which was used to perform subsequent

analyses of expression patterns along the chromosome.

Gene Model Classification

All annotated rice genes were divided into HH and LH genes based on

their homology with Arabidopsis genes. Homology was based on

a BLAST search of both annotated rice and Arabidopsis gene model

sequences by means of tBLASTN (Altschul et al., 1997). We used the

TIGR version 4.0 Arabidopsis gene model annotation downloaded from

The Arabidopsis Information Resource (ftp://ftp.arabidopsis.org). Spe-

cifically, all rice gene models were compared against each Arabidopsis

gene model. For genes encoding proteins with 200 residues or more, an

expectation cutoff value of 10�7 for sequences not <100 residues was

used. For genes encoding proteins with fewer than 200 residues, the

expectation cutoff value of 10�7 for >50% of the full length was used. A

total of 3166 rice genes were identified with significant homologs in the

Arabidopsis genome (HH gene models). The rest of the 2516 rice genes

were classified as LH gene models.

Transposon-related gene identification followed the TIGR version 2.0

annotation. In total, 1501 such gene models on chromosome 4 were

covered by this tiling path microarray. Further classification of retrotrans-

posons and DNA transposons also followed the annotation from TIGR.

Retrotransposons included 124 from the Ty1/copis subclass, 505 from

the Ty3/gypsy subclass, 10 from the LINE subclass, 8 gag proteins, and

500 unclassified proteins. DNA transposons included 285 from the

CACTA En/Spm subclass, 47 from the mariner subclass, 7 from the

ping/pong/SNOOPY subclass, 2 from the Ac/Ds subclass, and 3 un-

classified transposons. MITEs and simple repeats were identified directly

from the chromosome 4 pseudomolecule using RepeatMasker (http://

www.repeatmasker.org).

RNA Gel Blot Analysis

Total RNA from the same organ type was used for RNA gel blot analysis.

Subcloned DNA fragments were labeled with [a-32P]dCTP using a random

primers DNA labeling system (Invitrogen). RNA gel blot analysis was

performed as described by Li et al. (2002).

Microarray data from this article have been deposited with the NCBI

Gene Expression Omnibus data repository (http://www.ncbi.nlm.nih.gov/

geo/) under accession number GSE2358.
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