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1.  INTRODUCTION

Bioinformatics is an emerging field due to the development of new technologies. The rapidly accelerating advances in high-throughput technologies, including screening, robotics, and combinatorial biology makes bioinformatics an extremely data-rich environment

Microarray experiments produce large amounts of numerical data quantifying the expression level of each gene in a number of conditions. This data needs to be analyzed and visualized so that scientists can recognize gene expression patterns and uncover new biological knowledge. Software tools integrating analysis methods with interactive visualization are highly needed in order for scientists to further explore the huge amount of data.

Our group, in conjunction with Dr. Chris North's Computer Science Information Visualization course, is investigating currently available tools as well as developing a tool—Expression Mural—to provide a uniform approach to visualize gene expression levels across entire genomes.  The Expression Mural allows scientists to simultaneously display data from many gene expression experiments using either a histogram or screen mural view.  Our tool further contributes to data visualization by providing scientists the ability to analyze thousands of data values per experiment.  Scientists can investigate the behavior of a specific area of a chromosome or across potential multi-gene families.  The "tier array" data structure and averaging algorithm of the Expression Mural provide an efficient mechanism for scientists to explore vast amounts of experimental data.

2. MOTIVATION

Until now, tremendous amounts of microarray gene expression data have been produced and published. Many microarray data analysis tools are commercially available. However, these tools are not designed for visualizing gene expression data across entire genomes.

Expression Mural presents a graphical user interface to display gene expression levels for entire yeast genomes and integrate a number of viewing capabilities that can be applied to standardized data files.

3.   A YEAST EXAMPLE

Expression Mural can display data for single or multiple experiments with either the Mural or Histogram views. Up to one hundred experiments can potentially be displayed using the Mural view.  To illustrate the usefulness of Expression Mural, as well as some of the views mentioned 

above, we present some sample data (see figs 1-5) and some observations.  

3.1 Mural Observations

Figure 1 demonstrates some general information revealed about the experiments shown.  Even without any experimental information, this figure tells us a few things.  First, we can see that on average the first chromosome is moderately repressed (the brighter green, the more repressed), while the next three experiments have the chromosome moderately expressed (the brighter red, the more expressed).  An additional observation is that the bright red section for almost two-thirds of the chromosome is suggestive that the last experiment is contains significant experimental error, and should probably be disregarded.  Finally, the areas in gray do not have any information available for display, and areas in black express no differently from control values.  

One must also note that the expression values are averaged, enabling the user to obtain an overall expression level for large areas of the chromosome.  Finer detail can be seen in higher zoom levels (see next section).  

3.2 Chromosome Area Behavior

A key factor to examine in gene expression experiments is how the environment (i.e. the experimental conditions) changes the behavior of sections of the chromosome.  The Expression Mural allows a user to simultaneously view many expression levels reported over many experiments, along with experimental information shown in the bottom right text window. Visualizing expression levels across genomes and understanding experimental background will help the user to analyze the data and discover expression patterns. 

Figure 1 shows a screenshot of Expression Mural displaying five different experiments performed on the tenth yeast chromosome and views the experiments from Zoom Level 1, representing the whole chromosome.  The third experiment contains a brighter red area to the left of a black section.  Zooming in 2x on that stripe reveals Figure 2.   This stripe is now in the center of the display—now slightly wider. There are two things to note on this level of the data:  1) There are now two bright red sections (high expression) in experiments two and three just to the left of the zoomed section and 2) The last experiment now shows more detail than just a large bright red section.  
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The changes noted in the information displayed are due to the fact that at the higher zoom levels, a finer level of information is displayed.  The bright stripes were essentially "averaged out" in the base zoom level, being washed out by the surrounding areas.  The bright stripe seen in experiment 5 in Figure 1 was due to the same effect—the area overall was very expressed, but upon zooming, a greater level of detail is shown for part of that area.  Again, such a large area being highly expressed indicates that some data values are askew.

The zoom levels allow the user to obtain an overall impression of the experimental data and then zoom in on areas of interest.  Experimental information displayed in the lower right hand corner of the screen can be used to determine the conditions that cause change.
3.3 Histogram Observations

An alternative to viewing the expression values in Mural view is to use the Histogram view.  This method of using size to view values has been shown to be more effective than using color [4], so we have offered this view as an option in the interface.  Figure 3 shows the experiments from Figure 1 presented in this view.  Expression values in the Histogram view are represented by both color and height, with expressed areas rising above the centerline, and repressed areas sinking below the centerline (the colors are the same as before).  

The drawback to using the histogram view is that this view decreases the maximum amount of experiments that can be viewed at once.  Once a certain number of experiments are loaded into the viewer, approximately 35-40, it becomes difficult to discern height differences between adjacent histogram bars that are near the same value; this effect worsens as the number of experiments is increased.  Once this point is reached, you are effectively returned to using colors as the main means of identifying expression value, i.e. the Mural View.  Histogram view is discussed in further detail in section 4.2

4.   THE EXPRESSSION MURAL METHOD

The sheer magnitude of the data involved in analyzing a genome makes such visualization a difficult problem.  The challenge is to conveniently display data and provide interaction and sufficient context so that pattern recognition is facilitated.  

4.1 Data Structures:  Storing the Data for Easy Access

A key component of Expression Mural’s advantageous design is the data structure.  Because the gene sequences in the data files are poorly organized—that is, they can be referenced from left to right or right to left, contain overlaps, and have unpredictable gaps—design and implementation of data structures that are capable of organizing the data is crucial.

Several basic data structures, such as trees, hash tables, and lists were considered for the backbone of our data structure.  The data structure used in our design, however, was an implementation of a treeMap provided with Sun’s JAVA SDK 1.3TM.  This data structure implements an ordered tree indexed by a key value.  We chose this data structure for two main reasons.  First, because the treeMap is ordered, and necessarily prevents duplicates, it provides a logical mapping to our task of building a data structure with gene sequences in order.  Secondly, because the treeMap is based on tree architecture and indexed by a key value, it provides efficient, direct access to its elements.

Once data has been read into the base level treeMap, the supplementary components can be added to the experiment's data structure.  For additional zoom levels, tiers of array Lists are used to store averaged values.  Unlike InfoMural[1], the original data is being compressed, therefore averaging provides a more realistic approach.








As illustrated in Figure 6, the entire chromosome is represented in each  “tier”. However, more detailed information is stored with the increase of zoom level.  The base pair ranges, represented by each block in an array List, are adjusted according to the zoom level.

Each element of a tier represents a range of base pairs (AT or GC) and an expression level ratio value.  The ratio value is a weighted average of expression levels for all the sequences that fall in the element's range.  By implementing this averaging scheme scientists can potentially view trends across regions of a chromosome.

4.2 Displaying the Data:  Extracting Information for the Data Structure

It should be easy to see how the data structure we created easily maps to our visual display of the data.  Once the tier array system is built, displaying the data can begin.  Two modes of visualization were explored:  screen mural and histograms.

Screen mural

In the screen mural implementation, we display one chromosome utilizing the entire display area data (see figs 1,2,4,5).  The vertical axis represents experiments, allowing users to directly view and compare experimental results.  The horizontal axis represents base pairs.  Rectangles are drawn based on the values in the elements of the array List for the appropriate zoom level.  The ratio values of the elements are mapped to a color scale.  This, in turn determines the color of the rectangle.

This display implementation has several advantages.  First, by using the entire display a user can potentially view over 100 experiments simultaneously.  This prevents the user from navigating through cumbersome windows to find data.  Second, displaying experiment information in this manner allows users to quickly locate patterns and anomalies in the data based on color and location.

Histograms

A second display implementation provided with our tool includes displaying the data in histogram form data (see fig 3).  This format pursues a similar design methodology as the screen mural but also utilizes vertical extent.  In addition to mapping the ratio to a color value, the ratio is also mapped to the vertical height of the rectangle.  Since length is perceived more readily than color this implementation provides a more intuitive view albeit at the expense of displaying less experiments at a time.  Once height differences become difficult to distinguish, the advantage of the histogram is negated.  

The histogram feature is provided as a supplement to the screen mural.  Users can find patterns or areas of interest in some experiments using the screen mural, then switch to the histogram view to analyze these experiments.  All zooming capabilities of the screen mural are also available in the histogram view.

5.  ALGORTHMS

Algorithms used in this implementation include those algorithms for tree insertion, deletion and traversal included in the javaTM implementation of a treeMap.  Custom averaging algorithms were designed for building the tier array.

5.1 Building the “tier array”

Overlapping of the base pairs presented a challenge in two ways:  methods for handling the overlap of two or more sequences had to be explored and the various ways a sequence overlaps the base pair ranges represented in the tier array had to be considered.

Each tier in the tier array was constructed from the original treeMap to preserve as much data integrity as possible and prevent averaging loss.  The algorithm iteratively calculates the average weighted ratio for each element in the tier array. 

The data values are first converted to simplified fractions and then weighted sums of both the numerators and denominators must be calculated.  This ratio is the weighted average ratio.  For example consider the simple example of averaging the ratios 0.2 as 1/5 and 5.0 as 5/1.  The average ratio should be (1+5) / (5+1) = 1.  

Now, consider an example where the range covers 1000 base pairs and 200 of the base pairs have a 0.4 expression level and 500 have a 2.0 expression level.  The weighted average ratio would be calculated as: 

2(200) + 2(500) 

5(200)  + 1(500)

When calculating the average ratio for each element of the tier array a flag is used to mark whether the current sequence has ended.  Then, a “submap” of the treeMap having start locations within the current element's range is inspected. By iterating through the submap all cases of overlap among sequences and across Array List elements are considered.

	
	
	
	
	
	
	
	
	
	
	



5.2 Coping with Size

Maybe kill this diagram?

There are various technologies and protocols used in experiments measuring gene expression levels.  In the Stanford Microarray experiments the data extracted from the microarray chip contains 70 fields for 5,000 to 10,000 sequences.

There are various technologies and protocols used in
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experiments measuring gene expression levels.  In the Stanford Microarray experiments the data extracted from the microarray chip contains 70 fields for 5,000 to 10,000 sequences.

Currently, a perl script is used to parse the initial data file into 16 files, one for each yeast chromosome.  The user can then choose to load only the experiments and chromosomes of interest.

The present implementation of Expression Mural displays expression level ratios for 110 regions of a chromosome at a time, allocating 12 pixels per region.  Because the largest yeast chromosome consists of 1,531,929 base pairs, in the worst case one region represents approximately 14,000 base pairs.  Meanwhile, the smallest chromosome is 230,203 base pairs.  Therefore, in the best case, one region represents 260 base pairs.  These values are quite reasonable considering that each sequence ranges from approximately 300 to 4,000 base pairs.

6.  FUTURE WORK

The gene expression data was organized to support potential for much future development. To display more detailed information, the width of the gene expression rectangle should be reduced.

A critical enhancement, which would provide more complete information, is the implementation of a rectangle “mouse-over” to indicate the names of represented genes and their associated expression values.  The option could also be provided to simply display maximum and minimum expression values for each rectangle.  Additionally, the implementation of gradual density color could visually display details within a rectangle. These features could be implemented in two ways: storing relevant information in the array List or simply pointing back to the treeMap.

In order to better orient the user, the chromosome button’s bounding box—the red outline seen highlighting the current chromosome in each of the Expression Mural figures—should resize and move along the button to provide better context for the display area. 

It would be helpful to display more detailed information for each experiment, such as links to the plethora of resources on the Internet and the experiment protocols. These links and protocols provide detailed biological condition for each experiment which, combined with our visualization tools, would help scientists to recognize patterns and errors accurately and efficiently.

Formal usability testing would indicate how to prioritize these enhancements in addition to how to improve the overall interface.

Ideally, the Expression Mural should be able to handle more generic input. Currently, it is operational for yeast genome data in tab-delimited format. We would like to be able to visualize information from other databases as well as for additional species.

7. CONCLUSION

Expression Mural provides an integrated environment for visualizing gene expression data. The methods and data structures implemented were successfully applied to the analysis of gene expression data. The tier array data structure approach to visualize hierarchical structures enables meaningful drawings of huge amounts of data.
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Figure 6  An abstraction of the data structure used to manage sequence expression values.  





Figure 5  demonstrates areas of the gene which have similar behavior, compare the bright red areas of row 5 with the green areas of row 2.  





Figure 4.  Expression Mural showing 22 experiments.  





Figure 3.  Figure 1 viewed in Histogram Mode.  
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Figure 1. Expression Mural showing 5 experiments for Chromosome 10 of Yeast.  The last experiment shows signs of experimental error (long bright red band)





Figure 2.  Results of zooming in 2x on the bright red stripe in experiment 3 (boxed, Fig. 1).  More detail is now seen (brighter red stripes in experiments 2 and 3, for example).  
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Figure 7.  Sequences overlap one another and the chromosome areas which are represented in the mural and histogram.  
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Figure 8.  Data preprocessing.  





TM java is a trademark of Sun MicroSystems








