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This is the last of a series of three papers describing a computer analysis system,
GELLAB, for aiding the digitization, segmentation, interimage comparisons, and analysis of
two-dimensional (2D) ge! electrophoresis images. The system is directed to the identification
of biologically significant changes manifest as spot differences despite complications
introduced by a wide variety of gel preparative, staining, detection, and digitization
variances. The operations applicable to single-gel images (segmentation, etc.) are described
in the first paper. The second deals with several of the elements that will appear in the fully
developed data base; i.e., constructs developed from images taken two at a time, based on
regional correspondences established by landmarks. This paper focuses on methods for
handling multiple gels. The keystone of this analysis is the R-gel, the representative gel
image. This acts as the major framework to link spots across the set of gels and serves as a
practical substitute for an unattainable canonical model. It is the referent around which the
total spot data base is organized. The primary data base consists of the totality of the lists of
corresponding spots (R-spot sets) and their associated properties and interrelations.
Interrogation of, and experimentation with, the data base allows the user to find and extract
measurements of biological significance from these congeneric polypeptides. Some of the
problems of and some solutions for dealing with a large number of possibly incomplete
biologically determined intergel spot density distributions are presented. Solution strategies
include constructing mosaics, using the digitized images of areas surrounding selected spots,
and creating labeled map images of R-gel correspondences. Listings of relative position and
density information of ordered R-spot sets is also of value in this interactive system which
permits refining of the initial data base. The multiple-gel data base system is very general in
that gel segmentation and spot-pairing algorithms other than those now used in GELLAB
may be substituted in the early phases of data base construction. Discussion of CGEL, the
GELLAB program for constructing, partitioning, searching, retrieving, and formatting the
data base, is illustrated using results obtained from 2D gel data of phytohemagglutinin (PHA)
stimulation of lymphocytes. Experience with utilizing GELLAB on a variety of biological
problems has suggested potential system developments and new system features which are
noted. GELLAB runs on a DECSYSTEM-20 (or DECSYSTEM-10) and was written in
SAIL.

1. INTRODUCTION

A 2D PAGE electrophoretic gel is a complex of distinct polypeptides, each
one of which is characterized by density and position relative to other
polypeptides (‘‘spots’’). Unlike a geographic map, proximity of polypeptides
on a gel is no particular indication of related genesis or biological function. But
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nevertheless the large number of discrete spots in a gel and the similarity that is
preserved among gels from a similar source allows one to follow many proteins
in a single determination. Hence, comparing biological specimens by
comparing their corresponding gels for quantitative or qualitative differences
has become an important means of determining protein-manifested metabolic
differences.

Previous papers in this series (/, 2) have established the need for computer
support of 2D gel electrophoresis analysis. The building of such support along
largely data-structural lines has been shown to be essential. Many conditions
(e.g., intergel spot position variability), all of them multidetermined, have been
shown to critically affect the ways in which we can extract biological facts from
experiments by employing 2D gel electrophoresis as an analytic tool. We have
treated the problems of spot extraction (/), and pairwise spot comparison (2),
and in the process we have indicated that experiments involving dose or time
variables require comparisons of spots from multiple gels. We will now deal
with multiple-gel comparisons, the most powerful and demanding mode of
application of 2D electrophoresis to biological and clinical investigation and
describe a computer program, CGEL, for multiple-gel analysis.

In dealing with these and other problems, we have come to feel that
computer support of 2D gel analysis needs to be along largely data-structural
lines, where associated spots and their characteristics can be grouped by one
criterion and readily regrouped as one attempts to ‘‘see around’’ the data from
several perspectives. From our early efforts at gel analysis (3) it became
evident that what was required was a system which could automatically find
and measure all (or most) spots in a gel. Spots from two or more gels should be
comparable (i.e., the program needed to be able to partition and to concatenate
lists acquired at different times and from different gels), because without
checking all or at least most of the spots in the set of two or more gels, no
statement of types of spot differences can otherwise be made. This implies both
a gel-pairing program and a spot data management system.

In a given gel, the majority (if not all) spots, once isolated, can be
characterized by a triple, comprising x and y position (centroid) and an adjusted
integrated density value. Among gels, the idiosyncratic variations of these
triples due to variation in preparation, detection, etc., confound what are the
‘“real’’ variations produced in the biological/clinical system by dose, time,
clinical state, etc. In a sense analogous to the canonical matrix (which, for
example, characterizes a conic independent of position, rotation, etc.) we
propose the concept of a canonical gel or C-gel, valid for the domain of a given
experiment or-a defined clinical situation. Such a C-gel; a mathematicat: and
nonpictorial object, would provide information characterizing position and
density distributions for all spots over all gels in the set. Further, it would
exclude the data idiosyncratic to preparative and detection conditions
unrelated to the biologic issue. A necessary but not sufficient condition for
construction of a C-gel would be the spotwise comparison of each gel with
every other gel in the set, with the condition that comparison be commutative.
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In other words, if there are n gels in the set, to begin the construction of a
canonical gel would require (n — 1) factorial comparisons times the number of
spots. Since each element of the C-gel would be a function expressing the
variation of the spot descriptor triple as a function of the biomedical variable, it
is not likely to be a feasible construct. Though practically not easily realized,
the C-gel provides a model object against which we may weigh a pragmatic
substitute, the representative or R-gel.

The R-gel, in contrast to the C-gel is a pictorial object. It is a real gel chosen
from the set representing a given experiment. R-gel selection is detailed below,
but it may be considered to be what it is named, a representative (by
experimenter criteria) gel which is believed to contain almost all if not all spots
encountered in any of the members of the set. It is not necessarily a control gel,
but its selection by the biologist certainly refiects his knowledge of the
experiment and of the resulting individual gels that constitute the set for
multiple comparison.

In contrast to C-gel construction, the R-gel is used as the basis against which
other gels in the set are compared. As noted previously (2), each spot in the R-
gel is the potential index to a R-spot set. A R-spot set is the set of spots, one at
most from each gel in the set of gels, which corresponds to a given spot in the
R-gel. The set of R-spot sets would under ideal conditions include all spots in
all gels. Until biochemistry can provide essentially noise-free gels, such a
complete and ideal accounting is simply not attainable.

2. GENERAL METHOD OF ANALYSIS
2.1. The General System of Analysis

The design philosophy underlying the components of the GELLAB system
that deal with multiple gels is the interactive and flexible manipulation of spot
data organized by congeneric association. Paired spots and their densities and
locations are recorded in a congener-oriented data base, which can be searched
from a variety of ways and a variety of representations, numeric,
diagrammatic, pictorial, textual, or tabular, of this data base or of its
derivatives can be instantly displayed in order that the researcher may quickly
grasp patterns and implications. Hypothesis verification is performed by
interactive reordering and new representations of segments of the data. This
section discusses the general approach in terms of concepts central to it.

Fundamental to our system of analysis of multiple gels is the concept of
congeneric polypeptides giving rise to sets of corresponding spots across gels.
A congeneric set of polypeptides is one in which each member arises from a
common group of biologic processes. Under varying experimental conditions,
the quantitative expression of such production may be muted or exaggerated.
But in each gel where it is detected, the spot denoting the congeneric
polypeptide occupies the same relative position in the local morphology.
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The List of R-spots and R-spot Sets. Formally, we represent these linked
constructs, the list of R-spots and the R-spot set, as follows:

1. The list of R-spots. All the distinguishable spots in the R-gel, taken
together, constitute a list of so-called R-spots; i.e., all the members of the list of
R-spots are to be found in the R-gel and all the spots visible in the R-gel are, at
least potentially, members of this list of so called R-spots. (See Fig. 1, A,B,C,
etc., in Gel R). Spots that compose the list of R-spots must be distinguished
from a R-spot set.

2. A R-spot set. This is a set of spots, having at most one member from each
gel (but definitely including a particular member of R-spots), corresponding to a
given spot in the R-gel (cf. Fig. 1, the B series of spots). Each member of a R-
spot set is a congener of that particular polypeptide. The R-spot set may be
regarded as a vector, each element of which is taken from a single plane of the
three-dimensional (3D) array of gels.

The linkage and reciprocal dependency between the single gel list of R-spots
and a R-spots set is this: (1) A R-spot set member (i.e., a spot in the R-gel) must
correspond to at least one other spot in the remaining (n — 1) gels for it to be
recorded by the program and (2) a set of congener spots will not be recorded as
a R-spot set if it does not have a representative in the R-gel (cf. Fig. 1, series C).

Thus, a R-spot set has a membership of at least two congeners. Spots which
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F1G. 1. Spots A, B, and D in the R-gel are R-spots. Spot E, though it is in the R-gel, is not an R-
spot. This is because it is unmatched in any of the other gels in the set. The list of R-spots in the gel
is {A, B, D}. R-spot set A consists of {Ar, Al, A2, . . ., A n-1}. This set has one member from
each gel. Some R-spot sets such as B and D have members only from some of the gels. The
presumption is that spots which are members of an R-spot set are congeneric, i.e., the formation of
the polypeptides which they denote represents the action of a chain of biologic processes common
to all of them. One possible form of systematic error would be given by the following: Suppose that
in gel 3 the spot perceived as B was in fact displaced by severe local preparative distortion, so that
its expected position was occupied by another polypeptide. This kind of false positive is largely
dependent on the pairing algorithm. The set C is not an R-spot set, because though represented in
all other gels, there is no member in the R-gel. The presumption is that the members of this set are
also congeneric, but whether by chance or biologically determined, the absence of 2 congener in
the C position of the R-gel keeps the entire set outside of the data base. Of course experiments
involving more than one R-gel are possible and are the solution to this particular difficulty.
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are in the R-gel but which do not correspond to spots in any of the other gels are
obviously not R-spots.

A R-spot set represents a presumptive congeneric set of polypeptides. Figure
1 shows the possibility of a congeneric set which is not a R-spot set (spot set C).
Since R-gels are real objects and are usually incompletely representative of the
totality of protein production, it is likely that some congeneric sets will not
have representation in the gel chosen to be the R-gel. The list of R-spot sets
constitute the totality of spots in the data base, i.e., the array organized as the
list of R-spot set vectors.

Local Morphology. We have found that for gel analysis a most effective
image-processing strategy is to concentrate on sets of local morphologies (both
within and across gels) rather than to treat one object at a time as is commonly
done in most biological image processing. Even if the task is defined as
detection of the presence or absence of a single spot, some consideration of
local morphology is necessary for any decision made by machine and the
human confirmation. Although the individual spot may be considered the
biochemical primitive, from the viewpoint of image processing (machine or
human) the operational primitive form is the local morphology, i.e., the
minimum region of extent which provides location and thus identification
information.

Recognition and identification (as opposed to detection) is quite difficult
because of the absence of fixed size and shape of the individual spot. The
problem is analogous to that of an observer, without an ephemeris (a table of
computed star positions for every day of a given period) and without a clock,
who is asked to identify a single star where all others are artificially blocked out
of his field of vision. Just as it is easier to identify some stars for which we have
established rules (e.g., the pointers to the pole star) so it is necessary to
establish, if only empirically, some relative-position information to yield spot
identification data. We are then, in dealing with spot identification, actually
concerned with problems of local morphology, in which we are aided by the
machine to (1) establish the proper window of regard, (2) maintain the local
coordinate system, and (3) perform alternate pictorial and numeric
comparisons. It is only seemingly paradoxical that the absence of internal
structure that makes it difficult for the human to identify individual spots makes
it simpler for machine procedures at the single-spot level. Contrariwise, in
order for this automatic computer aid to do us any good, at least for the
present, it is first necessary that the local morphology be exploited by the
human who can readily isolate a spot given its local context.

The local morphology cannot be considered a fixed entity. It is obvious that
the extent of the region which provides the identity-establishing positional
information will vary depending on spot representation in both a quantitative
and qualitative sense. In this regard the landmark spot, denoting the landmark
region, serves as a key to define an operational local morphology. The machine
facilitates the discovery and confirmation of corresponding local morphologies,
which, once established, are labeled. The system, at user prompting, is capable
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of naming an object undistinguished by any feature other than its relative
location.

The Data Base. Our previous papers have detailed procedures that have
been preparatory in that they deal with operations on individual spots or spot
pairs. Having constructed our R-spot sets, we are now in a position to use these
data so as to construct a data base which can be ordered as a function of
biological, experimental, clinical, or temporal variables. The richness of the
data base does not limit us to any one of these; the facilities which we now
describe allow a multiplicity of orderings. A variety of presentations may be
chosen, which may be best determined by the nature of the experiment. The
biology demands that the analytic process be limited in its ‘‘attention’ to a set
of congeneric spots, one from each gel, a process that transcends the
constraints of the individual gel. Our data management system permits this
type of analysis to be applied successively to the majority of such spot sets.

The primary data from which the data base is constructed consist of (1) the
digitized gel image, (2) the GEL.ID accession file with its experimental/clinical
data and calibration information, and (3) the LMS.LM landmark set file
consisting of the set of landmark spots, interactively established by the user,
relating the chosen R-gel to each of the other individual gels in the experiment.

The primary data base that is constructed consists in its simplest form of the
list of R-spot sets. This means that not every spot in every gel is represented.
From the previous definitions, it is clear that a spot in the R-gel that has no
congener in another gel will not be represented in the data base. Similarly, a set
of congeners that have no representative in the R-gel will not be represented in
the data base. The data base therefore is not even completely inclusive of all
congeneric sets. From the preparative viewpoint, the better the gels in an
experiment as well as the more adequate the segmentation and spot matching,
the richer and more complete is the list of R-spot sets and each component R-
spot set. For the present, for congeners with no representative in R-spots to be
in the data base, a new R-gel would need to be established.

The data-structural operations performed consist of a series of computational
and representational operations on the list of R-spot sets or sublists or lists of
R-spot subsets. The latter subsetting may be automatically accomplished based
on a characteristic of a gel (from the accession file), on a statistical property,
etc. (Note: The reader may recall from previous papers in this series that each
gel has, associated with it, accession file information, total gel density, and
number of spots in the gel, which is used to label tables and plots as well as for
normalization for some operations.) Alternatively, the user may construct at
will working sets from the entire set of gels. A wide variety of representations
of the data, both image and numeric, is available with numerous optional
modes of display including superimposition on the original image. Important
data structures are:

1. The set of working gels used to restrict the CGEL operations to a subset of
the gels in the data base. Only gels in the working set are used in the
computations.
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2. The classification sets which contain the names of the gels in each of up to
nine classes. Thus, the user can, depending on the problem he is dealing with,
classify gels by temperature, by disease, by metabolic condition, etc.

3. A “‘search results list” of R-spots which were found by one or more of the
various available search options (or explicitly defined) is available to many of
the CGEL operators.

In dealing with real data, it is frequently necessary to create a working subset
of the original data base. The same data may be used to analyze different
aspects of the same experiment. A related requirement is the facility to declare
classes of gels and to create further subsets based on class membership.

In any set of gels with associated experimental conditions, it is useful to
partition them in various ways in response to different questions. Thus, for
example, in the case of a much distorted poorly run gel with many outliers, one
might wish to temporarily remove it from the set of gels in order to find
statistically significant spots in the remaining members of the set. Later, the
temporarily removed gel(s) could be restored to the set and these spots
checked. Effectively, this procedure uses the results of the ‘‘good’’ portion of
the set of gels to investigate the outliers.

Solution Strategies. The types of properties that characterize spots, the
principle of local morphology, and the varied objectives that different users will
bring to the analysis indicate a system which does not produce a simple
solution. Instead the system offers a solution strategy or set of strategies rather
than a direct and single solution. Prominent among the tools available for such
strategies is the multiple representation of the same data, with a seemingly
prodigal retention of what elsewhere might be considered intermediate results
or scratch images. Many of the system procedures are essentially procedures of
presentation, again allowing the user to alternate between, say, numeric
position data and synthetic images. The segmenter output is a case in point (/).

Other tools available to the GELLAB user are R-maps and mosaic images.
These images facilitate the backchecking of any R-spot set in both a global (the
R-map) and a local but multiple-gel (mosaic) context. A mosaic represents a
many-to-one mapping whereby comresponding regions from each gel are
brought into physical proximity in a single synthetic image. The regions are
each centered around the spot of interest for the corresponding gel. The mosaic
provides a powerful tool whereby the user may assure himself on the basis of
visual evidence that a spot belongs to a given R-spot set. The R-map image
provides the link between the individual spot as seen from the numeric R-spot
set data or local mosaic image and its place in the gel. It is invaluable for rapid
evaluation of the validity of spots found to be of interest by GELI.AB searches
or manual examination of the data lists. Because of the locality of mosaics they
are insufficient for establishing a spot’s context and thus the R-map fills this
void. Numeric data, particularly coordinate and density values presented in
rank-ordered tabular form, are useful for evaluating magnitude differences
between spots in an R-spot set. The gray-scale numeric representation of each
pixel comprising a spot is occasionally useful in determining whether a spot is
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actually one or two or whether a single spot was split by the segmenter. The
GEL.ID accession file information always travels with a data set or its
derivatives. Any portion of it may be used as the associative key with which to
regroup data within the data base.

Tools such as the foregoing are invoked successively at user discretion to
establish and/or confirm membership in a biologically significant congeneric
vector, i.e., a R-spot set, and moreover to quantitate the substantive changes
as a function of the biologic variable at issue.

In sum this represents a general method of organizing and selectively
compressing the data of 2D gels so that the user may more efficiently perceive
patterns out of the welter of individual spots. Once patterns are established it is
a direct process to quantitate their individual components by merely printing
their R-spot sets.

In such an approach it is vital that certain automatic features be emphasized.
In particular the automatic establishing of the consequences of an identification
or confirmation of spot correspondence is imperative. The better this is done,
the less there is to block the bringing of derived data into spatial and/or
temporal proximity, the latter being a necessity for human evaluation.

Analyzing Multiple Gels as a Continuum. Each polypeptide visualized as a
spot may be thought of as having a distribution of spot densities when sampled
in a set of gels. In the case of significant spot density differences, it is expected
that this distribution will cluster multimodally according to the biological state
of the sample. It is important therefore that biologically nonsignificant
variances be controlled and minimized. Adequate numbers of samples must be
obtained for the data base to aid in detecting these multimodal distributions.

We must assume that not all spots will be accounted for since no automatic
procedure can account for the almost infinite variety of image noise found in
these gels. The semiautomation of the gel analysis may be sufficient to find
spots for some biological problems where the changes are above the noise level
and resolvable by the system. At no point in the analysis of gels should the
computer-generated decisions be the endpoint of the analysis.

2.2. CGEL Spot Data Base Analysis System

An overview of the entire gel analysis procedure is illustrated in Fig. 2. The
hardware environment is of some interest in understanding the processing and
data structure manipulations. The GELLAB system is currently implemented
using two hardware systems: the Image Processing Unit’s Real Time Picture
Processor (RTPP) and a Digital Equipment Corporation DEC-2020. The RTPP
is described in Refs. (6, 15~19). The DEC-2020, using the TOPS- 10 monitor,
has 512K words of 36-bit memory, three 160-Mbyte disks and two magtape
drives. Additional details are provided in Appendix A, while Fig. 3 illustrates
the data structures required and generated at the different stages of processing.
Image acquisition and landmarking are currently performed using the
interactive RTPP system. Using the gel image files, accession file, and
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F1G. 2. Block diagram of the 2D-gel analysis GELLAB system. Programs associated with major
steps of GELLAB are indicated in *‘[. . .].”” Gel images are acquired by scanning with a vidicon
TV camera interfaced to a picture memory and saved on the computer. Accession information
about the set of gels is also used to update an accession file. The gel images are then segmented and
measurements made of the spots which are found. Landmark spots, which are either known
proteins or well-defined spots spaced fairly evenly throughout the gel, are then manually selected.
Using gel image flicker alignment, the landmark spots are aligned for all of the gels with a
representative gel (R-gel). This information and the raw segmentation data are then used to pair
congener spots in the remaining gels with the R-gel. The set of gel pairings with the same R-gel may
be merged together to form a list of sets of equivalent R-spots called the composite gel data base
(CGL). Thus a R-spot set (supposedly) contains congener spots from all the gels in which it occurs.

landmark spot sets file, the spot segmentation, gel spot pairing, and CGL data
base construction and analysis are performed on the DEC-2020. A cost
accounting of the various steps in the analysis of an average set of 20 gels found
typical DEC-2020 times were about 25 min of cpu time/gel with 150K-word
program core sizes and about 15 min of RTPP real time/gel.

The consequences of this environment impose some practical limits to the
capacity of GELLAB. As illustrated in Fig. 3, gel analysis is primarily a series
of data reduction steps mapping image information into a set of (about 1000)
spot density distributions. Images are reduced to spot lists. Spots lists are
reduced to spot pair lists, and finally, spot pair lists are reduced to a list of R-
spot sets. Clearly, comparing 300 to 1000 spots in up to 25 gels would be a
monumental task if done manually. The majority of the computation is involved
in the initial image data reduction whereas further analysis is dependent on the
type of questions to be asked about a particular set of gels.

Procedures used in the later phases of analysis are based on the analytic
principles discussed above and carried out by means of an interactive program
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* Segmentation *’ Segmentation . . . * Segmentation
GSFy={spotlhist};  GSF,={spotlist},  GSF_={spotlist}
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Gel pairing

GCF; = ({ spot pairs }.' {spotpairs }, ... ., { spot pairs }, )
{ 6CFy, GCFy, ... GCFpq }

CGEL data base construction

CGLs({rspoti}.{rspotz}, {rspotz})

FiG. 3. Data structures used in the gel analysis. The GSFs (gel segmentation files) are produced
by the segmentation of the gel images. The GCFs (gel comparison files) are produced by comparing
the GSFs using a set of landmark spots. The CGL data base is constructed by merging the GCFs.

called CGEL. CGEL can be used to construct a representative spot data base
and then to analyze all or part of this data base. It is an interpreter, taking the
set of n — 1 gel comparison files (GCF) as input. As will be recalled from the
previous paper, the GCFs are produced by the CMPGEL program as each of
these gels is paired, one at a time, against the R-gel (2).

Generation of the R-spot Set Data Base and Overview. The first step in the
construction of the data base is the generation of individual R-spot sets
followed by their concatenation into the R-spot set data base (list of sets).

The set of n — 1 GCFs are read one spot pair at a time for each gel pair where
one of the spots is a R-gel spot. Currently, up to 48 gels may be analyzed
together. Each R-spot, referenced by a ‘‘key,”” is formed for this spot (see
Appendix B) and the data base is tested to determine whether a R-spot set
currently exists for that spot. If it does not exist, then a new R-spot is created
and both spots are put into that set. If it does exist, then the other spot in the
pair is inserted into that set. In either case, the R-spot set is initially ordered by
the rank of the spots densities, darkest first. Alternate R-spot set orderings are
then routinely performed as part of the analysis.

Subsets of the CGL data base may be constructed by restricting a R-spot
set’s consideration according to various parameters. In dealing with real data,
it is frequently necessary to create a working (subset) set of the original data
base. The same data may be used to analyze different aspects of the same
experiment. Further, the working set of gels may be subdivided into up to nine
user-defined classes. Then, various statistical test procedures may be invoked
to search the set of R-spot sets for statistically interesting R-spots. In
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presenting individual operations or commands, we will use data on lymphocyte
response to phytohemagglutinin (PHA) for the majority of our illustrations.

The CGEL system will be presented in part by examples of operations and
results obtained on one of several projects to which it has been applied in
detail. An individual operation or command will be described and results
obtained thereby cited immediately. We have chosen the work on lymphocyte
response to phytohemagglutinin (PHA) for the majority of our illustrations.
Table I lists the top-level CGEL commands.

Table II illustrates a simple sequence of CGEL commands which creates a
CGL data base and in the process partitions the CGL data base into “‘resting”’
and ‘‘PHA-stimulated’’ classes. Tables Illa and b illustrate some typical CGL
R-spot set data base entries where spots are ordered by density. It should be
emphasized that the term density will always refer to the value as determined
by the current density mode. Spot density may be reported and used in
computations as absolute (D’), percentage (relative to the total gel D’), and
ratio density (D' relative to the sum of D’ for selected spots). The SET
DENSITY MODE command is used to change the current density mode. When
the R-spot sets are printed, percentage density is denoted by *“%’’, D' by “*'”’,
and ratio by *‘R’’. The percentage density mode is the default.

Typical characteristics of a R-spot set are shown in the first (IIla) table. of
the 13 gels in the data base only 10 contribute a member to the R-spot [1] set
(gels 4.1, 36.1, and 51.1 are not represented). Prominent among the
characteristics exhibited is the consistency of spatial position shown by
corresponding spots which is explicit in the columns headed DP, DL, Dx, and
Dy. Other characteristics include the certainty of pairing, i.e., some pair labels

TABLE I
CGEL Tor-LEVEL COMMANDS

CReate - Creste g CGL data vase from a set ot CWFGEL ,GCF files.
CHecking - Apply Regpot statistics checking unt{l next command, This
jgnores Respot sets out of range,
ED{t = E¢it spots from the (GL data dase,
EXft = Exir CGEL 28 tne I0PS~i7 monilor to save i1rage far later use,
Gels - Gels 1ists the names and total densities of the current gels,
Help = Print this nessage,
InQuire = Interrogate and search the CGEL dets tese tor particular R-spots,
Plot = Draw (plot ,FLX) Sdensfty/sdensity spot plots from the CGL DB,
RECrder - Reorder the CGEL Respot datadase In current density nmode,
REStors = Restore a8 CGEL R~spot data bpase from & ,CGL tile,
SAve « Save the CGEL data base in a (.CGL) tile,
SET Accession tile name ~ change the default GEL.ID accession file name,
SET Classes = Detine gel class partition,
SET Density mode - Report results in Absolute, Percent or Ratio units
SET Flelds =~ Set the list of flelds desired for gel labeling,
SET Label - Jet the “Label” code to (8, P, A, U, ®) used in searching,
SET RAti1o list = of Respots for normalizing spot densities for Ratio mode,
SET RGel - Set the name of the Re=gel used in sesrching,
SET Statistics limits - Set statistics iimits fcr use in searching,
SET wWorking gels = Define working set of gels frar CGL dats base,
SPSS = Generste an SPSS ,SPS summary tile of part of the specified
CGL database,
TAbulate - Printi Respot sets by Rank or Ratle, Mnavaristion (,TBL) files,
Timer - Time cosmands until next TIMER command (defaylt is timing on),

The top-level CGEL program commands listed here is available to the user on an interactive
basis. The first part of the command that is required for it to be unique up to the lowercase letters of
the command is given in uppercase.
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TABLE I

CONSTRUCTION OF A DATA BASE: A
SAMPLE CGEL COMMAND SEQUENCE

+RUN CGEL

®SET ACCESSION FILE

sgelel,.id

$SET FORMAT

$2,3,10,12,13 = set specitied accession file fields
SCREATE CGL data base

%c10001,9¢f = 12 gel comparison files with Regel=s54,i
%c10002,Qct

L]
$c10073,.0c¢
$c10074.9ct
13
*(ps) = Sure pairs and Possible pairs only
$SET CLASSES
*automatic classitication mode
*yes = change class names
¥pha
*resting

.

SSET STATISTICS

20,512 = range from mean of relative distance from landmark
90,512 = range of DP allowed

30,512 = range of OL allowed

90,300 ~ mean density of Respot set

90,100 = standard deviation of Respot set density
*108% confidence limit

syes - Regpot set must have same 5 working gels
SINQUIRE

%index search for spots found in all gels

SSET RATIO LI1ST

% < use spot result list just found

*SET DENSITY MODE

SRatio mode for reporting spot density

$REGRDER

SINGUIRE

srank order = search at 10%

*SPSS

sphallr,.sps = output file

¥s < yse search results list to specify list of spots
*SAVE

*phes,cql

SEXIT

«SAVE PHAS,EXE

A typical CGEL command sequence used to construct a normalized CGL data base file
(PHAS.CGL) and runable core image (PHAS.EXE). A rank-order search is performed to find
statistically significant spots. The CGEL commands are given in capitals and the answers to the
CGEL prompts are in lowercase. The ‘. prefix indicates a TOPS-10 monitor command while the
**” indicates a CGEL command. Comments are preceeded by **-'’.

are SP (sure pair) while others are PP (possible pair). More often a set will
contain mostly SP or PP labels. Still other forms of spot characteristics include
varying modes of density representation, i.e., absolute, ratio, or percentage of
total.

R-spot sets [1], [41], and [119] illustrated in Table Illa as percentages of total
density and in Table IIIb as ratios (times 100%) normalized by a set of R-spots
found in all 13 gels. R-spot [41] is a landmark spot with DP, DL, Dx, and Dy
being 0 by definition. Appendix B discusses some of the details of the data
structures used in the CGEL program including R-spot set data structures.
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CGEL Commands. For convenience of reference the top-level CGEL
operations are listed in Table 1. The user employs this interpretive system to
analyze a set of gels as determined by a set of chosen parameters. Particularly
when dealing with a new type of gel, the user employs CGEL
‘“‘experimentally.”” Procedures are called forth, results are displayed and
examined for confirmation or rejection of the tentative hypothesis, other
procedures are called, and so forth. The nature of the interaction is highly
dependent on the scientific questions asked of the gel data base.

In the following description of these commands, the command names are
denoted in capital letters.

The set of CGEL program commands includes the CREATE operation
which is used to build the initial R-spot CGEL data base from a set of GCFs.
The accession file, describing a set of gels, must first be declared with the SET
ACCESSION FILE command. Gels instantiated in the CGEL data base will
then have their associated accession file information instantiated as well. The
SAVE command saves the R-spot data base by creating an ASCII data file with
a *“.CGL” file name extension. The RESTORE command provides the user
option of restoration or merging of CGEL data base files. The GELS command
lists the names, accession information, number of spots segmented, and total
gel density, and total density of the ratio-normalized spot set (see below) for
each gel entered into the CGEL data base. It could be used, for example, to
generate the first part of Table IIla.

At any stage, the EXIT command enables the user to save the entire core
image including the data base. This kind of checkpointing is especially useful in
preserving the investment in the data base and experimental selection of
parameters.

Each gel has various experiment-dependent information documented in the
accession file (/) as shown in Table IV. The CGEL program extracts selection
information from the accession file during data base creation. The fields of each
gel record used in the CGEL data base may be declared prior to data base
creation or changed (and thus updated) later. The SET FIELDS command
requests a list of accession file record field numbers after printing out the
following template, where the numbers below the fields correspond to the field
specified:

ACC #/PATIENT/BIRTHDATE/RACE&SEX/EXP DATE/EXP #/

1 2 3 4 5 6
CULTURE REAG/AMPH, GEL/INTRVL BEFR LBLNG/

7 8 9
LBLNG ISOTOPE/DURTN LABEL/DURTN OF EXPSR/

10 11 12

STUDY/FILE #/TAPE #/0OPT. BACKUP TAPE #/
13 14 15 16
CAMERA,LENS,DISTANCE/EXPRMNTR*,
17 18



TABLE Illa

ExaMPLES OF CGEL DaTa Basg FILE

OQutput tilet PHAS,CGL 03/27/1960, 06301323 PM
Total density{0054,1)232%3, & spotssd?2s

Studyt PATI3/PHA/120 MRS/H3I/4 HRS/21 HRS/MITCGEM STUDY/
Total density(0001,1)=1770, & spotss2iS

Study! PAT:1/PHA/120 HRS/S535/4 HRS/3,2 HRS/MITOGEN STUDY/
Total density(0002,1)%1714, & spotssiSy

Studys PAT:3I/REST/120 HRE/535/4 HRS/27 HRS/MITCGEN STUDY/
Total density(0004,1)812126, ¢ spots=5H3

Studys PATILI/REST/120 HRS/S35/4 HRS/89 HRS/MITCGEN STUDY/
Total dersity(0005,1127320, # spotssSy)

Studys PAT$1/PHA/120 HRS/83%/4 HRS/7 HRS/MITCGEN STUDY/
Total density(0033,1)%3004, & spots=ddl

Studys PATI4/REST/120 nR8/S3I5/4 WkS/164 HRS/MITOGEN STUDY/
Total density(0034,1)%6987, ¢ spotss574

Studyt PATI4/PHA/120 HRS/H3/4 HRS/29 HRS/MITCGEN STUDY/
Total density(0036,1131129, # spotssi?d

Studys PATII/ReST/120 HRS/HI/4 HRS/140 HRS/MITCGEN STUDY/
Total density(0051,1]1=6593, & spotss596

Studys PAT:3/PHA/120 nRS/HI/4 HRS/43 HRS/MITCGEN STUDY/
Total density{0057,2)85580, # spotsa$¢s

Study! PATI4/PHA/120 hRS/H3/4 HRS/48 HRS/MITCGEN STUDY/
Total density(0073,11m6136, 8 spots=602

Study?! PATI1/PHA/120 HRS/S35/4 HRS/23 HRS/MITCGEM STUDY/
Total density(0074,1])83162, & spotssS5id

Study! PAT11/REST/120 HRS/S3%/4 HKS/240 HRS/MITUGEN STUDY/
Total density(0069,2)%2320, #» spots=l29

Studyi PATI4/REST/120 nRS/H3/4 HRS/312 HRS/MITCGEN STUDY/

Regpot[ 1) ACCH0054,1(312) (X,Y)abs=m(346,219)Mn Cs ,60 SO= ,32 . spotssil
ACCo(Index)C wDens pACCH#(Index) D’ Lbl LM DOP CL Ox Cy Xaps Yabs

seccessecnaew Ccesewe eswcsewesswe mESE CRe SO WeTe® S Vewe EEeAR NeeE Ssew

0002.1( 207)2 1,018 0054,1( 312) 17,2 PP A 4.1 12 ( =6, =7) (246,147)
0074.1( 36112 <968 0054,.1( 312) 30,4 PP A 2,0 14 ( =5,=13) (399,222)
0005.,1( 373)1 L69% 0054,1( 312) 65.4 SP A 4.1 12 ( =6, =7) (260,192)
0001,1( 209} +»89% 0054,1( 312) 15.6 PP A 3,2 12 ( =6, =8) (214,207)
0034,1( 39931 2668 0054,1( 312) 46,0 PP A 2,2 14 ( =7,=12) (296,176)
0073.1( 4%211 «61% 0054,1( 312 37,7 PP A 0 12 ( =S,=11) (2373,229)
0033,1( 278)2 «408% 0054,1( 312) 12,0 PP A 3.2 13 ( =8,-10) (276,197)
0069.2( 261)2 218 0054,1( 312) 4,9 SP A 1,0 12 ( =4,-11) (338,223)
0054,11( 31211 218 0001,1( 209) 6.7 PP A Je2 12 ( =5,=11) (346,219)
0057,2( 465)1 .14% 0054,1( 312) 7.9 SP A 3,0 12 ( =2,-11) (376,1980)

Regpot( 41) ACC#0054,1(224) (X,Y)abss(354,188)Mn L= ,86 SD= .29 & spotss})z
ACCo[Index)C SCens FpACCo#{Index) D’ Lb} LM CF DL DOx Dy Xabos Yabs

caesesveccaET SRt e CwSTENTONSTW eree 0w e Sesa e Cemes WSS wewe Gsaw

0033,1( 199)2 1.,23% 0054,1( 224) 3o,y SP O* 0 0 C 0, 0) (207,188)
0034.1( 289]1% 1,20% 0054,1( 224} 83,9 SP C* W0 0 C 0, 0) (308,132)
0069.2( 185)2 1.49% 0054,1( 224) 27,6 SP C* «0 0 ( 0, 0) (344,194
00d6,1( 69)2 1.15% 00S54,1( 224) 13.0 sSP C» W0 0 C 0, 0) (289,:89)
0001,1( 187}1 1,048 0054,1( 224) 1v,5 SP C» s0 0 ( 0, 0) (222,180)
0074,1( 260)2 968 0054,1( 224) 30,4 SP O* 0 0 ( 0, 0) (367,190)
0057,2( 26311 .77% 0054,1( 224) 42,7 SP D 0 0 C 0, 0) (382,171)
0073,1( 357)1 «65% 0054,1( 224) 39.8 5P O 20 0 C 0, 0) (360,200)
0054,1( 224]1 .61% GOO1,1( 157) 19,9 SP CO¢ 0 0 C 0, 0) (3%4,188)
0004.,1{ 208}2 .60% 0054,1( 224) 72,7 &SP O® W0 0 ( 0, 09) (279,170}
0005,1( 287)1 .53% 0054,1( 224) 38,8 SP D* W0 0 C 0, 0) (273,167
0 (

0053,1[ 382)1 +42% 0054,1( 224) 27.5 SP D .0 0, 0) (395,212)
Regpot[119] ACCP0054,1[248) (X,Y)abss(370,196)Mn C= ,53 50 ,34 & spotssi2
ACCs(1ndex)C SDens <cACC#(Index] D* Lbl LM P CL DOx Cy Xacs Yabs

Q036.,1[ 7T8l2 1,29% 0054,1( 248) 14,6 PP Vv 3.0 17 ( o,=316) (308,190)
0004,1[ 290)2 .98% 0054,1( 248) t119.2 PP V 5.4 16 { 11,=11) (300,173)
0002,1( 158)2 808 0054,1( 248} 13,6 PPV 6.1 12 ( S,=11) (276,1062)
0069,20 20912 «67% 0054,1( 248) 1%.,6 PP V 1.0 14 ( 6,-12) (361,200)
0033,1( 215)2 +95% 0054,1( 248) 16,6 PP V .0 14 C 6,%13) (306,166)
0034,1( 30911 +45% 0054,1( 248} 31,5 PPV 5.0 19 ( 6,-18) (330,140)
0057.2( 3701 428 0054,1( 246) 23,5 PP V 2,0 1S ( B8,*13) (399,173
0074, 277)2 <318 0054,1( 248) 9.9 PPV +0 14 ( 6,13) (365,197)
0003,1( 1681 248 0054,1( 248) 4,3 PPV 1.0 15 ( 6,=14) (243,184)
0005.,1[ 290)1 .23% 00S4,1( 248} 17,1 PP V 3,2 15 ( 9,=12) (292,168)
0073.1( 369)1 .19% 0054,1( 248) 11,8 PP V 2,0 §6 ( 6,-15) (396,205)
0054.1( 248)1 «17% 0001,1( 168) 5.6 PPV 1.0 §S ¢ 6,=13) (370,196)

A stimulated CGL data base for lymphocytes, containing the R-gel, is gel 54.1, containing 400 R-
spots consisting of SP and PP spot pairs. Correspondences to R-spot [1] are missine in cels 4.1.



TABLE IIIb

ExAMPLES OF RaTi0 QUTPUT MODES OF THE CGL DATA BASE

kKespot Hatio 1ist: 2 3 26 43 44 49 SC 53 86 96 98 103 105 116 119 121 128
kespct( 1) ACCs00S4,1(312) (X,Y)absm(346,219)Mn C5 4,90 SDm 2,72 & spots=ll
ACCe(Index]C RCens GEACC#(Index] ©D° Lbl LM DP DL Dx Dy Xats Yabs

0ov2,10 20712 B.10F COS4.1{ 312) 17,2 PP A 4,1 12 ( =6, =7) (246,187}
0074, 361)2 7.95k 00S4,1( 332) 30,4 PP A 2,0 14 ( =5,=13) (3%9,222)
0003,1( 373)1¢ 7.88R 0054,1( 3121 65,4 SP A 4,1 12 ( =6, =7) (260,192)
0073.1{ 45211 7.04R 0084.1( 312) 37,7 PP A 0 12 ( =5,=11) (373,229)
0034.,1( 2399)1 S.40R 00%4,1( 312) 46,0 PP A 2,2 14 ( =7,=12) (2986,170)
0001,1( 20911 4.97R 00%4,1( 312) 15,8 PP A 3,2 12 ( =0, =B) (214,207)
0033.1( 27812 3.43R 00S4,1( 3121 12.0 PP A 3,2 13 ( =8,-10) (276,197)
0054,1( 312)1 1.45R 0001.1( 209) 6.7 PP & 3.2 12 ( =%,=11) (346,219)
0057.2(0 405]1 1.43R 0054.1( 312) 1,9 SP A 3.0 12 ( =2,-11) (376,198)
N069.2( 261])2 1.16R 0054,1( 312) 4,9 SP A 1.0 12 ( =4,-11) (338,223)

kegpot{ 41] ACCo0054,1(224]) (X,Y)abs®(3%4,1R8)¥n D= 7,23 SD= 1,84 s spotssl?
ACCo[Index])C RCens pACCo(Index) C°* Lbl LM CP OL Dx Dy Xabs Yabs
0u3d 1l 198)2 10,54R 00S4,1( 224) 36,9 SP [» N 0, 0) (287,158)
0034,1( 269)4 9.96R 0054.1( 224) &3,9 SP C» .0 0, 0) (308,1132)
0004,1( 28812 8,38k 0054,1( 224) 72,7 SP 0 0 0, 0) (279,170)
0074,1( 260]2 7.95R 0054,1( 224] 30,4 SP D@ .0 0, 0) (367,190)
0036,1( 6932 7.77R 00S4,1(0 224) 13,0 SP C» .0 0, 0) (289,185)
0087.20 363} 7.72R 00S4,.1( 224) 42,7 SP D .0 0, 0) (382,171)
0073.,1( 357)1 7T.44R 0054,1( 224) 39,9 SP C* N 0) (380,200
0069,2( 165)2 6,63R 0054,1( 224) 27,6 SP C* «0 0, 0) (344,194)
noos,.1{ 15711 $S.82R 005%4,1( 224) 18,5 SP O* «0 0, 0) (222,180)
0051.10 362)1 S.99R 0054¢.1( 224) 27,5 SP D* .0 0, 0) (39%,212)
0005,31( 20711 4,08k 0054,1( 224) 38,86 SP D¢ .0 0, 0) (273,167)
0054,1( 22411 4.32R (O01,3( 157) 19,9 SP D@ o0 0, 0) (354,188)

CO0OO0CO0O0D0DO0ODO0OO0OODDOO
el et talalalata e
o

Regspot [119) ACC80054,1(248) (X,Y)absx(370,196)Mn Cs 4,57 SCs 3,46 s spots=}?
ACCS(Index)C KCens ©pACCo(Index) D’ Lbl L¥ CP CL Dx Dy Xaps Yabs

0004,10 29012 13,74R 0054,1( 248) 119,2 PP V 5,4 16 ( 11,=11) (300,173)
0036.1( 7812 8.72R 00S4.1( 248) 14,6 PP V 3,0 17 ¢ 6,=16) (308,190)
0002.1{ 156812 6,45k 0054,1( 244) 13.6 PP V 6,1 12 ( S,=11) (276,162)
0033.1(0 21812 4,74R 0054,1( 248] 16,6 PP V «0 14 ( 6,-13) (306,166)
00587.2( 37011 4,258 0054,1( 248) 23,5 PP V 2,0 15 ( B,=13) (399,173)
0069,2( 209)2 J,75R 0054.1( 248) 15,6 PP V 1.0 14 ( 6,=12) (361,200)
0034,1( 309)1 J,74R 0054.1( 248} 31.5 PP V 5,0 19 ( 6,=18) (330,140)
0074,11 277)2 2,59R 0054,1( 248) 9.9 PPV «0 14 ( 6,-13) (365,197)
6073.1( 36911 2,20R 0054,1( 248) 11,8 PP V 2,0 16 ( 6,-15) (396,20%5)
000%.1( 290)1 2.06R 00S4,1( 248) 17,1 PP V 3,2 18 ( 9,-12) (292,168)
0001.1( 1o08])1 1.35R 00S54,1( 248) 4,3 PPV 1.0 15 ( 6,-14) (243,18k4)
0054.1( 248)1 1.22R 0001,1( 168) S.,6 PP V 1,0 15 ( 6,=13) (370,196)

The same spots as in Table IIla but ordered and listed by ratio density relative to spots present in
all 13 gels (in terms of 100%) and reordered by rank. Notice that after normalization and reordering,
R-spot [41] now shows significant difference (as well as R-spot [119]) in the density differences
between the two classes. R-spot [1] still does not show significant difference between the two
classes.

36.1,and 51.1. A spot’s %Dens is its density relative to all spots (including AP and US) in a gel. Dx
and Dy are the spots position relative to its associated landmark. The (MnD, SD) are the mean and
standard deviation of the density measurement in the R-spot set. Table entry ‘‘C’’ is the class
partition name which in this case has the interpretation of 1 = PHA stimulated and 2 = resting. The
pACC#{index] refers to the spot paired with the list entry (ACC#{index]). D’ is the background
corrected absolute density of the spot. The (Xabs, Yabs) is the absolute position of the spot in the
gel image. The Lbl is the pairing label SP, PP, AP, or US. Note that the heuristic pairing values DP
(distance between spots in a pair) and DL (distance from a pair to the landmark spot) are similar for
most spots as are the (Dx, Dy) relative distances to the landmark spot. Because of this consistency,
any spot in a R-spot set with a large deviation in one of these position features may be regarded as a
possible outlier and so treated. R-spot [41] is a landmark spot (D) (denoted by the * in the LM field)
with corresponding values of DP, DL, Dx, and Dy being zero by definition. R-spot [119] would
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TABLE IV

ExaMpLEsS oF GEL.ID GEL AccCEssioN DESCRIPTOR FiLE

ACCESS, #/PATIENT/BIRTHDATE/RACE&SEX/EXP DATE/EXP #/CULTURL REAG/AMPH,GEL/
INTRVL BEFR LBLANG/LBLNG ISOTOPE/DURTN LABEL/DURIN OF EXPSR/STUDY/

FILE #/TAPE #8/0PI, BACKUP TAPE #/ CAMERA,LENS,DISTANCE/EXPRMNTRS®
NC1,05,,20,.3%,,50,.66,,80,.95,1,10,1,25,1,41,1,%6,1,72,1,87,2,02,2,17
PHASPT,CA = PHA E~SPOT FILE

.

0001,1/PATS3/=/=/10=27=78/07/PHA/3110, S5=208%/

120 HRS/835/4 HRS/3,2 HRS/MITOGEN STUDY/
EQ00U§/R230/=NCNE«/VICICON=MAN,28MN,F8,69CM OR 250 MICRCNS/LESTER®
34 56 79 102 124 §39 156 169 183 193 200 207 2312 0 0 O 3 366 61 327
0001.2/PATE1/%/=/10=27=78/87/PHA/3210, S=20%/

120 HR8/535/4 HRS/24 HRS/MITOGEN STUDY/
E000CS/R230/=NONE=/VIDICON~MAN,28MM,F8,69CK OR 250 MICRONS/LESTER®

0002,1/PAT81/=/=/10=27278/04/RESTING/3310, S=208%/

120 HR8/535/4 HRS/27 HRS/MITOGEN STUDY/
EQ0009/R230/=NUNE=/VIDICON=MAN, 28MN,FB8,69CM OR 250 MICRONS/LESTER®

34 58 60 103 122 140 150 171 184 193 201 208 232 0 0 0 2S5 3SS 55 306
0003.1/PATI1/=/=/10=2378/85/RESTING/3110, 5=208/

120 HR8/535/4 HRS/24¢ KRS/MITOGEN STUDY/
E000313/R230/*NONE=/VIDICON=MAN,28MM,FB8,69CN OR 250 MICRONS/LESTER®

0003,2/PAT11/%/%/10=2378/85/RESTING/3310, S=208%/
120 HRS/835/4 HRS/72 HRS/MITOGEN STUDY/
E00017/R230/+NONE«/VIEICON-MAN,28NH,FB,69CM OR 250 MICRONS/LESTER®

0004.1/PAT21/~/=/10-31=78/06/RESTING/3110, $-208/

120 HRS8/535/4 HRS/89 HRS/MITOGEN STUDY/

E00021/R230/=NONE=/VIDICCN=MAN,208MM,F8,69CMH OR 250 MICRONS/LESTER®
34 S8 80 103 123 141 158 171 184 194 201 208 212 0 O 0 42 422 65 306
0005, L/PATI1/=/=/10=31=T78/89/PHA/3110, 35=20%/

120 HRE/535/4 HKS/1 HRS/MITOGEN STUDY/

E00025/0011/=NONE=/VIDICON=MAN,28MN,F8,69CM OR 250 MICRONS/LESTER®
47 74 103 126 144 160 176 188 199 205 215 0 0 ¢ 0 0 30 407 43 320
0006,1/PATI1/~/~/10=2378/88/PHA/3110, 5-20%/

120 HRS/835/4 HR8/S WRS/MITOGEN STUDY/
E00029/R230/=NONE=/VILCICON=MAN,28MM,F8,69CH OR 250 MICRONS/LESTER®

Data necessary for some CGEL operations are exemplified below. These accession file data are
characterized as follows. Each data record is four lines. The first four lines of the file define the
record field descriptors which are separated by *‘/’’ and terminated with a *‘*.”” The fourth line of a
record is the set of gray value peaks corresponding to the ND wexge calibration if it exists. The last
four numbers of that line are the computing window for that gel [x1:x2, y1:y2] if the window
exists. No calibration exists for gels 1.2, 3.1, 3.2, and 6.1 in this example. The blood samples were
obtained from normal patients in a blood bank.

The SET LABEL command restricts pairing labels to any combination of: S
(sure pair), P (possible pair), A (ambiguous pair), U (unresolved spot), and *
(landmark spot). The default option is P and S. Thus pairing certainty may be
used to partition the CGL data base.

The data base may alternatively be restricted to a subset of the gels by the
SET WORKING GELS command. This removes one or more gels from
immediate consideration reconfiguring the data base to the remaining gels.

Searches and data base analyses performed on the CGEL data base are done
relative to a particular R-gel. It is possible to construct several independent
data bases simultaneously in the same CGEL core image with different R-gels
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as defined by the CMPGEL gel pairing program (2). The current R-gel name
determines which one is accessible at any given time and may be changed using
the SET RGEL command.

The SET CLASSES command gives wide flexibility in naming gel classes,
and in partitioning the set of gels into as many as nine classes either
automatically (using accession file data via the SET FORMAT command) or
manually. During an interactive session, application of these commands may
be done repetitively to redefine the gel partition by class.

The PLOT command generates a log density—log density scatter plot
essential for evaluation of gel-to-gel comparability (4). The result of its use is a
graphics display and/or a plotter file with a *“. PLT"" extension. Included in the
output is the number of spots in common to both gels as well as a statistical
measure of the Euclidean distance of each point from the line of identity, i.e.,

FiG. 4. A typical scatter plot for the same gel but with different autoradiographic exposure times.
Gel 32.3is a 13-hr exposure and gel 32.4 is a 24-hr exposure. The R-spot data base was normalized
by the sum of the densities of the landmark spots. Note that most data clusters around the 45° line
with some outlier errors attributable to the variance in the autoradiograph generation—scanning—
segmentation (and possibly pairing alogirthm) process. The mean variation for these gels is 0.005.
The log-log scale ranges from 0.1 to 20.0 with decades denoted by the largest scale markers.
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the mean variation defined as the square root of the sum of the squares of the
distances from the 45° line divided by the number of spots (cf. Fig. 4).

Three types of tables may be generated and both printed on the user’s
teletype as well as being saved in a file (with a *“ ' TBL."’ file extension) using the
TABULATE command. The first type of table is an upper diagonal mean
variation matrix (with associated upper diagonal spot pair count matrix) for all
gels in the CGL data base. This is illustrated in Table V for a set of PHA-
stimulated lymphocyte gels. A small number of selected R-spots (indicated
either manually or as the result of a search to be described) may be plotted in a

TABLE V

MEAN VARIATION TABLE FOR SET oF PHA GELs

File: PSNMWV . TBL 06/2%/1990, 12117124 AN

(0034,1) study? PAT:3 /PHA /120 HRS /H3 /4 HRS /21 HRS /MITOGENS/
{0001,1) studyt PATIi /PwA /120 HRS /835 /4 HRS /3,2 KRS /MITOGENS/
(0002,1) study: PATs1 /REST /120 HRS /535 /4 HRS /27 HRS /MITGGENS/
(0004,1) study! PATi1 /REST /120 HRS /S35 /4 HRS /89 HRS /¥ITOGEMS/
[0005,1) study: PAT:1 /PHA /120 HRS /S)5 /4 HRS /7 HRS /MITOGENS/
(0033,3) studyt PATi4 /REST /120 HRS /535 /4 nRS /164 HRS /MITGGENS/
[0034,1] stuays PATId /PHA /120 HRS /M3 /4 HRS /29 HRS /MITQGENS/
[0036,1) studys PATI3 /REST /120 HRS /H3 /4 HRS /140 HRS /MITOGENS/
[0051,11 study: PATI3 /PdA /120 HRS /H3 /4 HRS /43 KRS /MITOGENS/
(0057,2) studys PATs4 /PkA /120 HRS /H) /4 HRS /48 KRS /MITOGENS/
(0073,1) studyt PAT:) /PHA /120 HRS /835 /4 HRS /213 HRS /MITGGEMNS/
(0074,1) studys PAT:1 /REST /120 HRS /S35 /4 HRS /240 HRS /MITGGENS/
(0069,2) studyl PAT14 /REST /120 HRS /KJ /4 HRS /312 HRS /MITOGENS/
Mean Variation for qels in dats base. Labels: (PS)

Respots Ratio lists 2 3 2v 43 44 48 50 S3 86 96 96 103 105 116 118 121 128

154.3103,1102,1104,3105,1133,17134,1136,13153.3157,2173,1174,1169,2

CL LA LI I Y L L Y L R A Ad T P R T D S PR R Y T A L R Y P T L Y 2

0054.11 10271143621,207141580,163141261,33601,1631,0971,1641,157(,131
0003.11 | Fod271,4%91,2831,2011.2131,4471,3601,3161,2161.1971,360
0002411 | ) 144321,3951,370),2911,4701,4211,3861,2991.3611,417
004,11 | [ 1 l.2200.335!-274'.510!-169! 22‘0-288!-299!.]04
0005,.114 [ ] [ 102141.1521.369),2311,3901,1264,1671,240
0033,.11 | l | I | 101501,2491,2701,210¢,2054.1362),208
0034411 | | | | | | l.JiOI-lb7l.159l.139I.131l.188
0036.31 ] t | | | | | 1.,468),4301,3721,2831,384
00334314 | | ) 1 | | | I 101791,1961,2174,211
0057.21 | | | l | ) | ) [ 1.1931.1964,166
0073.34 [ | I | [ [ | i I ' 1,123,230
00746.11 | ] | t | ! | | | I | 1.176
0069.21 | | | | | | | | [ l | |

154¢1101,1102,1104,1105,1133,1134,1136,115141157,2173.1174,1169,2

0054.11 ) 1401 152) 2191 2361 1821 22%) 107 1841 290 1881 198) 1wy
0002.131 ! PO671 991 103F 8311 991 S50 94l 1111 102} 1031 94
0002411 1 l | 118+ 3151 80 1051 S1| 851 1091 921 941 91
0004.11 | ) t I 1641 108 1561 67) 124) 175t 1321 1271 128
0005.11 1 | | | I 115) 315001 69) 128) 1844 1371 1501 122
0033.1) | ) | 1 I | $32) 811 103} 1411 1311 1161 104
0034.11 ! I 1 | ! ! P77 1434 1851 31490 1531 127
0036,.11 | | | | | | | I 631 821 67+ 031 62
0051441 \ | \ ) | | | § | 1461 1371 140¢ 112
0057.21 | | i I | [} i [ | 1 1561 1591 145
0073.1) i | I t | [ | ] | | I 1811 125
0074,.3) | } ! | | | ! | I | | 1 130
0069.21 | } ] i [ ) t ' i | | [

The mean variation table was computed for the set of lymphocyte gels used in the PHA
stimulation experiment. The mean variation is computed for each pair of gels taken two at a time.
The bottom table is the number of R-spot pairs which were common to both gels.
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rank-order table with density as the ordinate. The normalization may be
performed implicitly (e.g., using the data base normalization to be discussed) or
explicitly using a list of R-spots requested from the user). Eight spots fit across
the teletype output page, so that for more than eight spots, multiple pages are
used as required. Table VI illustrates a rank-order table for some selected R-
spots from the PHA data.

Data Base Normalization. A given amount of polypeptide concentrated in a
small spot will sometimes yield a lower total density value than if the same
quantity of material were spread over a wider area. This is because the various

TABLE VI

RANK-ORDER DENSITY TABLE FOR SELECTED SPOTS

Filer FHASNW, TBL 06/25/1980, 03:15:1d PM
RANK«QRCER tatles <ACC#>e<lMset>i<Class o>
Respots Ratio list: 2 3 28 43 44 48 50 53 86 96 98 103 105 146 138 121 128

330 0004,1G2
3,2 1 00604,1A2 0004,112
3
3.0
2,9
2.8 0036,112
2.7 i
2.6 | 0033,1N2
2.5 1 0004,1MN2
2.4 |
2,3 | 0069,2N2
4.2
2.1 | 0069.2G62 0074,1N2
[ 0054,1N)
2,0 |
1.9 1
1.8 )
1.7 14 0004,182
1.6 0057,2N1
1.5 |
1.4 | 0005,1G1 0057,211 0036,1N2
1.3 |
1.2 | 0074,1A2 0034,1N1
1e1 1 0074,112
1.0 1 0002,112 0073,4M}
«9 | 0005.1A1 0002,1G2 0054.11I 0074,182
| 0073,1G1
«8 | 0034,1A1 0057,261
T 0054,1G1 0005,1I1 0005,1N}
6 0051,1I1 0002,1N2 0073,151
| 0051,.1M1
5 1 0073,1A%
«4 | 0001,1A1 0001,1Gt 0001,11} 0057,281
| 0051,1A1 0054,151
o3 1 00587,2A1 0034,111 0005,151
1 0054,1A1 0073,111
o2 0 0034,151
o1 0001,1N1 0001,181
Respot | ] 65 79 103 112

Class 5 1sPHA, 2=REST

A rank-order density table may be constructed for selected spots. Five spots were selected from
the PHA-stimulated lymphocyte gel data base. R-spots [79] and [103] were statistically significant
at 10% in the rank-order test search. Each entry presents three kinds of information; the accession
#, the landmark set associated with the spot, and finally, the class assigned to the spot by the SET
CI.ASS operator.
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stains and autoradiograph preparations follow one or another form of the usual
‘“S-shaped’” gamma curve. This curve saturates at the high-exposure end and
has a ‘‘toe’’ of minimum exposure in the beginning of the curve. In addition,
the Schwartzschild—Villager effect causes high-density areas to be
underestimated. Even if the image were linear and noise-free, the digitizing
device introduces other sources of noise. Therefore, a spot’s density value
should not be taken as an absolute, but should probably be obtained over a set
of duplicate scans and duplicate gels getting a measure of its variance (as
suggested by (4)).

Intergel density variation makes some normalization scheme necessary. The
density data initially transmitted to CGEL are already normalized with respect
to total gel density expressed as a percentage. But this is not always
satisfactory, hence two other normalization modes are available. First, one
may normalize the CGEL data base by a subset of well-defined spots common
to all gels or selected for some particular reason. Once this subset of spots is
specified (one way is by the search procedures to be described), they may be
used to specify the spot ratio list using the SET RATIO LIST command. The
total D’ (absolute spot density corrected for gel background) of the sum of
these spots for each gel is computed and saved.

Using the REORDER command, the data base may be reordered, R-spot set
by R-spot set, based on the current density data mode. This is often most useful
when the ratio spot list has been specified and the density mode set to *‘ratio.”
Each R-spot set will be reordered with the highest density first. If the density
data mode is changed without later reordering the data base, the data base will
reflect the new density mode interpretation of the data but with the previous
density data modes ordering. For example, setting the date mode to absolute
density after the data base is first constructed will have the R-spot sets ordered
by percentage density.

CGEL Data Base Searching and Investigation. Extraction of information
from the completed CGL data base requires interrogation using the INQUIRE
command. This command includes a group of subcommands which are detailed
below. They permit both printing a few R-spot sets and as well as searching the
data base. Table VII lists the various subcommands of the INQUIRE
command.

One of various tests, statistical or otherwise, is performed as a governing
condition during execution of a linear search through the CGL data base. The
search results list is a composite tabulation of R-spots selected by the current
search.

The FIND subcommand searches the R-spot data base for R-spot sets where
the R-gel spot is a landmark spot. The resulting list of spots is reported as in
Table VIIIa and saved in the search results list.

The INDEX search subcommand finds R-spots meeting all of the statistical
limits for mean relative distance of a R-spot set from the landmark spot, mean
DP, mean DL, mean R-spot set density, standard deviation of R-spot set
density, and minimum R-spot set size. The DP (distance between spots in a
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TABLE VII
CGEL INQUIRE CoMMANDS

Print Respot set § or ¥ (search results list of Respots specitied through
search process or explicitly),

List landmark set j, where j is ‘A" through “Z°,
Find the R=spot indices of all Rege]l LK sets,

Index search for Respots meeting statisticai iimits,
Search for R=spat sets meeting statistical lirits,

Tetest search for Respot sets with a given confidence limits
between classes,

Rank order search for Respot sets with a given significance
betveen two classes (Wilcoxsonemann=whitney test),

Kruskolewallls rank order search for Respot sets with a given
significance between all (up to 9) classes for a minimum
of 5 gels/class.

The CGEL “INQUIRE” command subcommands are available for conducting a search
throughout the CGL data base. R-spots may be printed and a subset of R-spots found based on a
search using various statistical criteria. The ‘‘Index’’ and ‘‘Search’’ commands find spots meeting
feature range criteria of (a) relative distance from a landmark, (b) DL—distance to a landmark, (c)
DP-—distance between spots in a pair, (d) mean density in a R-spot set, and (e) standard deviation
of this density. The 7 test assumes a bimodal distribution of spot density in a R-spot set which is not
necessarily the case. The rank-order tests are distribution free. The ‘‘search results list’’ of R-spots
resulting from any of these statistical searches may be used in other parts of the CGEL system.

pair) and DL (distance from the landmark spot to the pair) features were
discussed (2).

The SEARCH subcommand performs the same test as INDE X but prints the
actual R-spot set instead of just the first line of each R-spot set meeting the
statistical sizing criteria. The latter two tests can be useful for finding R-spot
sets which: (1) are complete in having all spots present, or (2) have primarily
dark or primarily light spots, or (3) consist of spots with high or low variance.
In addition to printing these spots, their indices are saved in the search results
list. These sizing limits are changed using the SET STATISTICS top level
command which has the following type of dialogue with answers italic:

Relative distance limits are {.00, 512.00]: 0,30

DL limits are {.00, §12.00]: 0,25

DP limits are [.00, 512.00]: 0,15

MN density limits are (.00, 100.00]: 0,300

S.D. density limits are [.00, 100.00]: 0,50

Class difference t-Test confidence or Rank order significance limit (1%, 5%, 10%, 20%) is
10%: 1%

Check if size of R-spot set = # of working set gels (Y/N)? (N): N

The T-TEST subcommand may be used, with the specified class difference
confidence limit, to find R-spots statistically different in the search through the
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TABLE VIII

EXAMPLE OF R-SPOT SET SEARCHES

a, Landmark set constraint search (FIND subcommand)

LM{ A J=Regpot|( 3]
LM{ B )=Reppot[ 28)
LM{ C J=Respot( 37)
LM{ D )eR=spotr{ 41)

LM{ V }sRagpot( 121]
LML W )=regpot( 128}
LM{ X )=R=gpot( 139}

b, Tetest constraint search (T=TEST sutcommand)

Regpot({ 18] ACC#0054,3(3128) (X,Y)abs=(328,147)Mn D= 2,12 SD= 1,26 # spotswsi}
4 18)(r1,n2)= §,3), 3,08, Limil ,.931 1,72}, Lim2[ 1,962 4,20)

Respot( 47) ACC20034,3[243) (X,Y¥)ebsx(238,195)4n Us 2,89 SDc 2,60 ¢ spotex§2
( 47)(r1,02)e t,.31, 8,18, LimIC .52t 2,11}, Lim2( 2,891 7,39)
L]

¢, Rank order constraint search (RANK ORDER subcommand)

Regpot! 44) ACCH#0054,31243) (X,Y)abs=(352,156)Mn Dx 3,54 SD=z 1.52 ¥ gels=1)}
nis 6 n2s 7 ne 13 R= 21 R’= 63 Ralphos 24

Respet( 73] ACC#0054,1([302) (X,Y)abs=(198,216)n D= 4,98 SD= 2.41 » gelnzi2
nis 5 n2= 1 n= 12 R= 15 R’» 50 Ralphas 1¢

This table gives samples of search output with three different constraints used in the INQUIRE
command linear search: landmark, ¢ test, rank-order test.

CGL data base according to the two-tailed ¢ test (5). The search also assumes
that the gels have been partitioned into classes using the SET CLASSES
command. The program then requests the names of the two classes to be
compared in the search. The spots found are put into the search results list and
the R-spot set header and values computed for the 7 test are printed. Table
VIIIb has an example of some of this output. The (s 1, m 2) are the means of the
spots in the two subsets of spots in the particular R-spot set and the Lim1 and
Lim?2 are the corresponding limits computed using the standard two-tailed r-test
calculations.

A rank-order test is used in the search for R-spot sets with a given
significance between two classes (Wilcoxson—-Mann~Whitney test, WMW) and
is invoked by the RANK subcommand (3). It, as the ¢ test, is a two-class test
and must have the gels partitioned into two or more classes and the significance
limit set. It prints the R-spot set header line and a line of information on the
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WMW test statistics. It too puts spots found into the search resulits list. Table
VIIIc illustrates this output. The parameters n1, n2 are the number of gels in
each of the two classes and the R(R’) are the rank sums of the smaller (larger) of
these two classes. Ralpha is the table value of the rank sum for nl1, n2.

The Kruskol-Wallis rank-order test is used in a search for R-spot sets with a
given significance among all (up to nine) classes for a minimum of five gels per
class is also available (5). This test is invoked by the KRUSKOL subcommand
and results in a new search results list as well as printing R-spot set headers and
test results for significant spots.

The PRINT subcommand requests either a single R-spot number, a letter
landmark spot name, or the ‘‘*’’ symbol. It then prints the R-spot set in the
format illustrated by Tables IIIa,b for the specified R-spot set or the sets of R-
spots from the search results list (if “‘**” was specified).

This completes the list of INQUIRE subcommands. We now return to the
CGEL level for describing commands.

Use of the Search Results List. As mentioned previously, the search results
list is a composite tabulation of spots selected by various invoked CGEL
commands and is available either for further processing or for output. The
SPSS command accepts either an explicit list of R-spot indices or the entire
search results list and produces a data file for this subset of spots only. The
search results list is indicated in such requests for a list of R-spot set names by
the “‘*>’ symbol. The SPSS command then generates a numeric coded file of
these R-spot sets such that the file could be read by the SPSS program (6),
MLAB (7), or other statistical analysis packages. The file has an ‘“.SPS”’ file
name extension. Other GELLAB programs (MARKGEL and SEERSPOT—
see below) use the SPSS file as part of their input (cf. Table IX).

Similarly, the TABULATE command can use the search results list to
specify which spots to use in the rank-order table generation (as well as being
able to specify the list manually). The ratio list may also be defined using the
SET RATIO LIST command on the search results list.

Use of Statistical Checking in R-spot Set Operations. It is possible to invoke
statistical limits checking at any point where a R-spot is being processed. If the
set does not meet any one of the limits set by SET STATISTICS then the R-
spot set will not be considered for the operation. This checking is performed
automatically as part of the INDEX search and SEARCH subcommands. It
may be turned on for all operations using the CGEL CHECKING command.
Requesting CHECKING again will turn it off (i.e., a ““‘toggle’).

This completes the roster of major CGEL operations. Two auxiliary
programs employing SPSS files as inputs are now described which produce
derived images. These images facilitate the backchecking of any R-spot set in
both a global (the R-map) and a local but multiple-gel (mosaic) context.

2.3. MARKGEL R-Map Image Generation Algorithm
The MARKGEL program takes an SPSS file produced by CGEL and
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TABLE IX

EXAMPLE OF AN SPSS DaTA FILE

Files PSNOUDS,.SPS 06/25/1980, 12317303 AM
RSPOTe ACC® INDEX $TOID TOTD LABEL{O33} LMSET(1326) DP CL DiX D1Y XABS YABS

44 0051,1 411 8,30 547,18 1 5 W0 ] 0 0 386 220
44 C057.2 384 T7.70 428,16 1 S 0 0 0 0 380 177
44 0073,1 381 7,46 457,48 1 ] .0 0 0 0 377 208
44 C034,1 312 6,97 486,70 1 s .0 0 0 0 303 142
44 0054,1 243 S5.64 183,64 1 S .0 0 4 0 352 19
44 0005,1 307 $,07 371,44 1 S N 0 0 0 264 172
44 0033,1 214 3,94 118,37 1 E o0 0 0 0 283 16
44 0001,1 173 3.7 68,75 1 5 .0 0 0 0 219 18e
44 0036,1 92 3,52 39,78 1 5 W0 0 0 0 285 193
44 0074.3 265 3,30 104,21 1 5 «0 0 0 0 364 199
44 0069,2 208 2,71 62,94 1 1) o0 0 0 0 341 201
44 0002.1 169 1.47 25,17 1 5 .0 0 0 0 249 164
44 0004,1 333 .68 82,45 1 S .0 4 0 0 276 18¢
47 0036,1 89 T7.23 81,59 2 6 1.4 9 7 =6 203 194
47 0069.2 214 7.03 163,19 2 & 1.0 9 8 -4 256 202
47 0033,1 226 6,57 197,28 2 L] .0 9 8 =5 209 169
47 C004,1 305 3,90 472,37 2 6 2.2 9 7 =3 200 {74
47 0051,1 393 3,70 244,09 2 6 1,0 10 ] =6 303 217
47 0034,1 323 1,96 136,61 2 6 2,2 11 9 -7 216 146
47 0005.,1 306 1.10 80,29 2 6 2.0 9 6 =5 179 170
47 0073,1 384 1,05 64,21 2 6 2,0 9 6 -5 298 209
47 0002,1 171 .81 13,80 2 6 0 9 ] -5 166 166
47 0057.,2 382 .63 35,18 2 6 1.0 10 9 -5 285 176
47 C05451 241 .63 20,48 2 6 7.2 16 ] -5 258 195
47 0003,1 156 .13 2,24 2 6 7,2 16 12 =11 141 177
73 0057.,2 460 14,00 827,16 1 & .0 0 Q 0 231 198
73 0051.,1 468 10,84 714,82 1 8 o0 0 ¢ 0 238 241
73 0034,1 410 9,05 632,62 1 8 .0 0 o 0 145 181
73 0054,1 302 8,73 263,94 1 L3 W0 4 Q 0 198 218
73 00C1.1 199 7.33 130,24 1 8 W0 [} 0 0 $7 200
73 0073.1 447 7.14 437,99 1 8 .0 0 ¢ 0 240 228
73 0005.,1 357 5.41 396,15 1 8 .0 0 0 0 131 18
73 0033.1 276 4.11 123,52 1 8 o0 0 0 0 152 196
73 0004.1 3%6 3,79 459,79 1 8 0 [ 0 0 149 186
73 0036.1 133 3,70 41,80 1 8§ .0 [} 0 0 136 225
73 0074,1 351 2,75 86,84 1 8 o0 0 0 0 210 219
73 0069,2 251 2,3) 54,03 1 ] .0 0 0 0 159 220

This is an example of part of an SPSS file created for spots in the search results list found in a
10% rank order search for the normalized PHA-stimulated lymphocytes CGL data base.

generates an image file Mi.PIX (where ‘‘i”’ is the GEL.ID picture file number
corresponding to the gel accession number) for all of the R-spots specified for
that specified gel. The R-map starts with a copy of the specified gel image. Each
R-spot to be labeled is then superimposed in the image by a white ‘‘+"’ in the
center of the spot followed by a white R-spot number. The name of the SPSS
file and current date is written at the top of the image. Figure 5 shows a typical
R-map image of the R-gel in one set of PHA-stimulated lymphocyte gels. The
spots selected were the result of applying the rank-order-test in the search with
a 10% confidence level.

2.4. SEERSPOT Mosaic R-Spot Image Generation

The SEERSPOT program uses an SPSS file produced by CGEL and
generates one to three mosaic images from the set of original gel images
consisting of regions containing the spot for the set of gels. Spots are selected
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FiG. 5. A R-map image of a 10% rank-order search on normalized CGL data base was produced
using the MARKGEL program for PHA-stimulated lymphocytes. The R-map was performed on
the R-gel. The user may optionally add the gray value 50 to the image to enable the white labels to
be seen clearly by specifying CORRECTBACKGROUND. There are three labeling options:
NONUMBER—do not draw label numbers, just the ‘“+’’ on the center of the spot; the second
option is USELANDMARKS—if a R-spot is a landmark spot, use the letter rather than a number
for it; the third and default option is to always label with a number.

for making mosaics using the results of the searches and R-maps. There may
currently be up to 48 gels in up to three mosaic images. Figures 6a—-d show
some typical mosaic images generated from the PHA-stimulated lymphocyte
gel data base. Figure 7 illustrates the image-mapping operation performed on
the spot image subregions for the selected R-spot set.

The PHA gel data base used to illustrate this paper has 13 gels. However, R-
spots 41, 73, and 119 in Figs. 6a, b, and d had only 12 gels present. We have
performed estimations of where the spot would be in missing gels with good
results. This first-order approximation is performed by adding the mean
relative distance to the landmark (Dx,Dy) in the R-spot set to the absolute
coordinates of the landmark for the missing gel.
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P — r\

Original gel images {Gi}

FiG. 7. Mosaic image mapping operation performed on the selected R-spot set. Spot subimages
are ordered top to bottom and left to right by the spot order in the R-spot set. Subregions centered
on the spot of interest of each of the gels are extracted and inserted in the mosaic image(s).

2.5. E-Map Data Base For Selected Spots

Exemplar spots which are found to be of interest in a particular gel may be
saved in a system data base called the exemplar spot file. In general, an E-spot
is a spot from a R-spot set—but it need not be obtained from a CGEL data base.
Exemplar spots are represented by a 4-tuple: (a) the accession number of the
gel where it was discovered to exist prominantly, (b) its (x,y) position within
that image, (c) atwo-letter spot code unique to a gel, and (d) a five-character
search name identifier of the experimenter who found the spot. Formally, an E-
spot is defined:

(2 letter spot code){acc#){search group)(x,y coord).
For example:
CQ0002.2PHAOA330,170.

This notation facilitates the bookkeeping involved with recording interesting
spots found to be present or missing in the various gels. A gel comparison table
may be constructed with the names of the gels in the data base indexing the
columns and an infinitely extensible set of exemplar spots indexing the rows.
The gel comparison table entries currently used are given below. A question
mark may be appended to denote difficult cases. Table Xa lists the labels used
in the E-map. A spot exemplar map image (i.e., the exemplar spot locations are
marked on a copy of the gel image) of a given gel can be generated and then
used in searching other images.

The exemplar spot file is set up as an extensible file, SPT.SP, consisting of M
exemplar spots in row entries and an N-entry column vector for up to N gels.
Each entry in the row vector corresponds to one of the N gels. Thus the file
constitutes a N X M-exemplar spot sparse array (where null entries are denoted
by **.”’). An example is illustrated in Table Xb.
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TABLE X

E-MAP LABELING CONVENTION

a, Ge] labeiing convention,
+ B not tested and thus has no entry
4+ = present
-~ = missing
? = not sure whether + or =
or (+?) = prechaply present
or (=?) = provpaoly missing
t right shitt
s downward shitt
= upward shift
2 downward shitt
= left shift
s blacker in density
= whiter in density
= tw0 or more spots (i,e, multiple spots)
>

P
M
R
C
U
)
L
B
W
1
<#>=® actual density value of the spot

b, Exarple of an Ee-map file

GEL CONDITION: B

00000

12 4404 ves

20222

32456

. . . . .
C=SPOT 11121
A=0123,1AL2Q0323,170 + + P ? ¢+
8-0123,1AL200321,253 + ¢+ ¢+ = 1T ves
A=0202,1ALZ22823,305 = = M D »

.

The exemplar spot file may be used to record spots of interest in one or more gels and their
relationship to other gels in a set of gels. Particular instances of interesting spots are recorded in an
E-map. The E-map labeling convention is given in (a) and an example of an E-map file is given in

(b).

3. SELECTED RESULTS FROM THE PHA DATA

GELLAB is being applied to PHA stimulation of lymphocytes (8, 9) the
effect of asbestos on P388D1 macrophages (10, /1), Lesch-Nyhan syndrome
(12), and Alzheimer’s disease (/2). In this section we present some
preliminary results of the PHA effect. More biologically oriented and detailed
reports are in press (8, 9).

The 2D patterns of pulse-labeled polypeptides of human peripheral blood
lymphocytes stimulated with phytohemagglutinin were compared with those of
unstimulated lymphocytes, searching for changes in the relative synthetic rates
of particular polypeptides seen on the 2D gels. Initially, some 24 spots were
quantitated using manual densitometry. Manual densitometry presents its own
problems especially those concerned with reproducibility of spot delineation.
Thus in some instances, manual densitometry is more reliable (e.g., the isolated
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spot) and in others it is not. These gels were analyzed using GELLAB. The 24
spots which had been subjected to manual analysis (in which spot boundary
definitions were subjective) yielded density values that essentially were parallel
to the automated GELLLAB measurements. Deviations from the manual were
few and attributable in part to segmentation problems. Included in the set of 24
spots were some extremely light examples which caused some problems,
occasionally being difficult to segment. Segmentation errors of course
propagate throughout the gel comparison program and thence to the CGEL
level. Using the mosaic facility, these outlier spots were easily detected.

Our experience with GELLAB suggests that  to 4 of the polypeptides
visualized in these 2D gels show altered relative synthetic rates when resting vs
PHA-stimulated lymphocytes were compared. Figures 6a-d show a few
examples of some of the spots detected by GELLAB found showing significant
changes as a consequence of PHA stimulation. Mosaic images 5a,c,d show
examples of PHA-induced decrease in specific polypeptides while 5b is an
example of GELLAB-detected increase. The lack of obvious context in each of
the mosaics is solved by reference to Fig. 5, a R-map which provides the
necessary context.

In general, and as expected, GELLAB did not perform any better than other
methods when applied to such gel regions as the alkaline, where noise is high
and densities overlap frequently. On the other hand, the tools needed to pursue
suspected spot correspondences and to evaluate results iteratively from such
regions are available in this system. In the results with PHA stimulation for
example 5 of the 24 carefully studied landmark spots were from the difficult
alkaline regions and comparisons obtained by GELLAB paralleled the manual.

4. DISCUSSION

With the two previous papers in this series in mind, the GELLAB system for
multiple-gel analysis has been defined to the point where we can examine
system tactics and system problems in the overall biological context. It is
necessary for such a view to carefully consider the kinds of questions which
biological problems pose. These will determine the nature, depth, and range of
the analyses to be performed.

1. Is only one or a very few spots present in one gel and not in its
experimental pair? The paradigmatic biologic systems which pose such
questions are those in areas such as bacterial genetics, where both the
specificity of the product and the homogeneity of the generating cell line are
very high. Here the gels are used as detectors and serve simply to confirm or
deny the existence of a fragment. Simple flicker analysis may be all that is
required under favorable conditions. Densitometery for this situation is a
secondary consideration if one at all. An example is the case of a single cell line
under identical tissue culture conditions with specific genetic mutation with
only a few protein changes expected. A case in point is a single gene difference
in an Escherichia coli mutant (3).
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2. Are there changes in any of several spots as a result of time? Here, as we
found in some of our macrophage experiments (/0, /1), although the purity of
the cell line may be assumed, cells in different phases of the cell cycle may and
almost certainly do produce different subsets of fragments. These variations
are in quantity as well so that densitometry is also required. Moreover, the
complexity of the analysis is increased so that almost invariably n gels rather
than a pair of gels must be compared. The answer to such questions as this
requires data structures and data base management software that are both
significantly larger and significantly more complex than those required for the
answer to the first question.

3. Are there changes in several spots as a result of an applied stimulus? The
less known about the outcome, i.e., the more exploratory the search, the more
complex and extensive must be the gel analysis. When the cell line is only
apparently homogeneous (as was the case of PHA-stimulated lymphocytes
(13)) and where the effect of the stimulus is both complex and a function of
time, the gel analyses become correspondingly more extensive, laborious, and
complex. In such situations, where many new products may result, there seems
no alternative to automatic spot pairing using a computer.

4. Is there a ‘‘fingerprint’’ of morphologically homogeneous but biologically
and functionally different cell groups (e.g., differences among various
lymphoblastic tumors). Here, especially if stimuli are required to elicit
differences, the number of gels grows to anm (number of classes) times n (number
of temporal samples) times p (number of levels of stimuli) number of
comparisons assuming minimum problems in the reproducibility of the gels.
Particular interest must be focused not only on differences but on subgroup
similarities.

5. Are known polypeptide fragments present in normal or abnormal
quantities in a body fluid? Here are the quintessential problems of clinical
chemistry but multiplied by the number of spots present in the gel. At first, the
answer to questions of this type might seem simpler than to 2, 3, or 4 above.
The comparison of a single gel’s contents to some internal or external system
standard certainly involves future developments in the area which has been
called by Anderson ‘‘molecular anatomy’’ (/4). Because of the need for
extensive bookkeeping in multiple-gel analysis, it is likely that some of the
types of data structures we will present here will be an aid in this development.
These include keeping track of gels from different experiments, maintaining the
ever-increasing catalog of spot characteristics, and in monitoring the
successive necessary improvements in preparative technology leading to better
gel reproducibility and comparability.

Gels may be thought of as complex objects similar to a geographic map with
individual polypeptides appearing in distinct morphologic conglomerates.
These provide valuable leads as well as a framework on which to build
experience. They are not, however, in any way certain reference points. Unlike
the geographic map, adjacency of polypeptides in the gel is no particular
indication of related genesis or biological function. However, certain
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characteristic patterns are obtained with carbamylation and other biochemical
treatments. Comparing biological specimens by comparing their corresponding
gel maps is one means of determining protein differences. Given a number of
gels, polypeptide concentration values may be modeled as a density
distribution for each set of corresponding spots.

4.1. System Characteristics

Gel scanning, segmentation, and pairing are each finite resolution digital
processes. Each introduce some independent error. The computer analysis of a
continuous process (for all practical purposes, a continuous gel) is performed in
a digital space at both finite spatial and finite density digitization. Because a
Vidicon TV camera has a nonlinear modulation transfer function, errors in its
approximation can lead to additional error. These errors, small in general,
constitute the lowest variance in the process.

Even when multiple gels of split samples are run there is additional variance
beyond that due to gel scanning alone. Multiple samples of the same tissue
cultures resulting in multiple gels provide an additional source of variation.
Sampling of a biological process at various stages of its progression in
synchronized or partially synchronized cultures is another source of error.

Overall GELLAB system variance was explored using the PHA lymphocyte
data base. The reproducibility of repeated scans of the same gel at resolutions
of 250 um/pixel was the first test. The mean variation of a gel between two
scans of the same gel can be very low (about 0.005). Those spots which differed
markedly were checked by direct visual examination of the segmented gel
image and in some cases, the central core image was checked at the pixel level
for spot definition using PIXODT (/). Increasing the spatial resolution to 170
wum/pixel further reduced this already small mean variation.

In another test of scan reproducibility, a special CGEL data base was
constructed using a PHA lymphocyte gel and its control (non-PHA). These gels
were scanned repeatedly at 170 wm/pixel with four scans of each gel. The vast
majority of the data were consistent and exhibited a very low variance. Here,
the cause of most deviations lay in the failure of the segmenter, operating on
very dark conglomerates, to separate touching spots. Occasionally a significant
deviation was found in some R-spot sets. It was apparent that a spot was
sometimes not split from an overlapping spot and that scanner noise was a
contributing factor. More than 90% of the spots previously identified by manual
analysis as showing altered densities in response to PHA were detected by
GELLAB as PHA-altered spots.

The system if it is to have utility, must be capable of dealing with variances
which mask or obscure the biologically determined systematic variation among
congeners which is really a major point of interest. We believe that we have
demonstrated that GELLAB, with the use of backchecking, has this ability
when applied to gels of reasonable uniformity and those that have been
produced with good quality control.
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4.2. System Limitations and Compensations

The use of higher-resolution scanning conditions (170 wm/pixel) although
advantageous for spot resolution, etc., imposes some burden on the factor of
field of view. QOccasionally at this resolution every spot may not be included in
the 512 x 512 pixel image. Reducing the magnification somewhat would solve
this probiem.

Dynamic range in the density domain using a Vidicon camera (approximately
0-1.8 OD) is less than that for the class of photomultiplier scanners. For
analyzing most spots in most autoradiograph gels, this is not a major problem.
The average spot is usually less than about 1.0 OD peak density. The usual care
to avoid saturation of the autoradiographs is necessary. Silver-stained gels
(15, 16) constitute more of a problem. More spots tend to saturate in the
dynamic range of the Vidicon. By controlling the silver stain development
process, the maximum OD of the silver gel can be controlled to within a
workable range for most spots.

A representative gel (R-gel) is used as the approximation to the canonical gel
(C-gel) because of difficulties in constructing the C-gel. Some problems as a
consequence of this approximation include: missing spots which are in other
gels but not in the R-gel; mispairing a spot because it is poorly defined in the R-
gel; and noise in the R-gel masquerading as true R-spots. Spots found in the R-
gel may be edited. By editing, we mean that if a spot is incorrectly segmented
such that it is missing or its centroid is incorrect, a new spot centroid may be
manually defined and the old deleted (or replaced). This editing may be done
using an interactive graphics program accessing the R-gel Gel Segmentation
File (GSF).

A landmark spot should be well defined morphologically as part of a
consistent pattern in all of the gels being compared. From 10 to 25 landmarks
are generally denoted depending on the quality of the gel, with fewer landmarks
required for the better gels. Fewer landmarks are needed if the regions have
little distortion and strong local similarity. And highly populated spot regions
need to be more densely landmarked than sparsely populated regions.
However, the landmarks should not be ‘‘on top of’ one another. When
landmarks (2) are selected too close to one another, an incorrect bias is
introduced. This is evident in the incorrect partitioning of spots influenced by
digitization-type errors. There is also a higher probability of interacting with
more landmark sets. We conjecture that the likelihood increases (though still
very low) for a spot pair to be found in the nex: to next-nearest-neighbor
landmark set rather than in the landmark or next nearest landmark sets. Thus
the CMPGEL. program (2) might be less robust under these conditions.

Independent of the basic biological variation there are additional intergel
variances. These include exposure, sample concentration, gel loading, and film
and staining development characteristics. The absolute density of a spot will
thus vary from gel to gel. This is true even for gels generated at the same time
from a split sample. By normalizing each spot by the rotal spot density, this
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variation can be discounted. This only works well for good comparable
relatively streak-free gels, where almost all spots are detected clearly and in all
gels. However, it is also often the case that many false spots will be detected in
the alkaline region or in other noisy areas in the gel. These additional ‘‘false
spots’’ will not in general contaminate the CGEL data base because they do not
pair with spots in other gels. However, they incorrectly augment the total gel
density measurements.

Alternatively, a small subset of apparently relatively stable spots found in all
gels in the data base may be selected for use in normalization. A standard
statistical analysis of variance could be used to find spots in this set which are
relatively stable. The sum of the densities of these spots would then be used to
normalize all spots in the gels. Furthermore, the set of spots to be compared
should not be indicative of the biological change being tested, since using them
for normalization will result in other spots having their relative density shifted
accordingly. This technique can be extended further by viewing the set of spots
for normalization and then eliminating poorly defined or very light spots which
results in better normalization estimates.

In any set of gels with associated experimental conditions, it is useful to
partition them in various ways in response to different questions. Thus, for
example, in the case of a much distorted poorly run gel with many outliers, one
might wish to temporarily remove it from the set of gels in order to find
statistically significant spots in the remaining members of the set. Later, the
temporarily removed gel(s) could be restored to the set and these spots
checked. Effectively, this procedure uses the results of the uncorrupted portion
of the set of gels to investigate the outliers. It is possible to temporarily remove
one or more gel(s) from the CGL. data base by not including it (them) in the
working set. All computation is then performed without these outlier gels even
though they are present in the data base.

False positives may appear in a search results list of R-spots. This is often the
result of incorrect inclusion of one or more noise points in a R-spot set, which
nevertheless meets statistical criteria. The major tool for handling such false
positives is backchecking using mosaic and R-map images. Also effective is
direct visual examination of the R-spot numeric data itself. The false negative
spot rate may be decreased by finding additional spots of interest by manually
scanning the CGL data base R-spot set list for interesting R-spot sets but with
outliers which caused problems with the current statistical tests.

When observing R-spot set distributions one occasionally finds outlier spots
radically different from the rest of the spots in the set. Some of these changes
are real, i.e., of biological origin, while others are artifacts of either the gel
preparation or the image analysis. Currently, we assume that all data are valid
unless found to be invalid through backchecking. This means that outliers are
counted in the R-spot sets for statistical purposes.

However, it is possible to ignore or, alternatively, to find R-spot sets with
outliers since they will have a large R-spot set standard deviation as well as
significant differences in other features determined by the SET STATISTICS
command and INDEX search.
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4.3. Future Directions

At present, manual intervention in the initial stages of GELLAB is required
in five key places. These include: (1) scanning the images, (2) defining the
accession file information, (3) defining the computing window, (4) calibrating
the ND wedge, and (5) landmarking (defining a set of landmarks common to the
R-gel and another gel). If increased magnification were used and the ND wedge
placed in the same approximate position at the bottom of the image, then both
the computing window and ND wedge calibration could be more or less easily
automated. By using a R-gel standard map, it might be possible to automate the
landmarking to a greater extent.

Being able to view the constellation of R-spots as multiclass distributions
facilitates finding subtle shifts in spot quantitation. Viewed in this manner, the
expected variance of particular spots can be easily measured and thus used as a
basis for further gel analysis experiments. By having all of the R-spot
distributions available simultaneously to the data management system, it is
now possible to correlate spot changes such that spots changing in the same or
opposite manner as a function of independent experimental variable can now
be determined.

The mosaic operation has developed into such a powerful tool that a fuller
extension is suggested. A useful operation would be to be able to request X-Y
location data on any spot on the display of a gel image pointed to by the user.
Finding the corresponding R-spot set element indicated, the user could ook at
the actual entire R-spot set data or request that a mosaic image be generated
and displayed. This would permit random interrogation of all of the gels for any
spot selected. A variation of this algorithm would be to request a mosaic of onfy
the segmented spot for each of the gels or the region minus the spot. This would
be useful as a check on how well the spot was segmented in each of the gels.
Validation of any spot’s segmentation would be useful—especially when the
spot occurs as part of a conglomerate of spots. Working backward, the
equivalent spot could be cut out by the computer and displayed for the operator
to view when backchecking results.

The DECSYSTEM-20 is a medium-size machine with generous core
allowance. The limits on core resident CGL data bases (if they are composed of
a large number of spots from large numbers of gels) are still too stringent. The
core memory limitation can be circumvented by paging (i.e., transferring in and
out) the data base from a much larger disk file. The physical and logical
structures of this file are critical, as would be expected, in order to minimize
transfer times for the various CGEL operations. This project is currently under
way.

As a result of being able to handle many more gels and spots using the CGEL
system, new types of problems arose. Some of these are listed below and may
be incorporated into the GELLAB system in the future. Some of the following
problems emerged during the development of GELLAB. As solutions are
found they will be incorporated into the system.

1. Finding shifts in MW or ple of a spot or spots. How is the difference
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between a true shift and variance in gel system determined? First the variance
in the system must be determined. The problem is that this variance is different
for different spots (17).

2. Correlation of spots or groups of spots changing together or in opposition.

3. Handling spot conglomerates of spots where spots sometimes are separate
and other times touch adjacent spots.

4. Accounting for saturated spots though successive stages of the system and
possibly obtaining alternate measurements.

5. Handling outlier spots (which may be artifactual or real).

6. Handling R-spot set statistics when: (a) spots are missing from some gels
because they are not resolved (incorrectly segmented) or mispaired, (b) spots
‘‘appear to be absent’’ from one class of gels.

7. Merging the results of two CGL data bases of the same set of gels for
complementary R-gels (once as a control and once as a patient).

8. Determination of false positive and false negative rates on statistically
significant spots.

Because of the variety of applications, we do not ever anticipate a fully
automated system. We do suppose that once a sequence of parameterized
operations are identified as habitually used for a class of gels, they can be set up
for automated running on a stripped-down system.

5. CONCLUSION

A set of algorithms in the GELLAB system for the analysis of multiple 2D
electrophoretic gels image spot lists using a composite gel file as a data base has
been presented. These algorithms have been successful in analyzing spots
under a wide variety of gel conditions and open the way for asking and
answering questions about lists of spot density distributions. Such data
reduction applied to a set of gel images has greatly reduced the amount of
information retained. Furthermore, by constructing the data base using the
inverted-file concept, it is possible to rapidly access and update the data base
for most operations. Treating the composite data base as a set of distributions
leads to the application of various statistical tests for determining spot
significance in an automatic sequence. This is crucial when investigating a large
number of gels with potentially of the order of 1000 spots each.

Significant problems, statistical and others, which must be resolved before
reliable reproducible multiple 2D PAGE gel analysis can be routinely
performed, still remain. That is not to say, however, that useful intermediate
results cannot be obtained. On the contrary, using backchecking with R-map
and mosaic images many useful data can be resolved. We are optimistic that
many of these problems can be handled by improvements at various levels
including better gel preparation, spot extraction, and pairing, and the use of
better statistical or heuristic techniques which take some of these problems into
account.
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APPENDIX A: STEPS IN GELLAB ANALYSIS FOR MULTIPLE-GEL
COMPARISONS

In order to convey some impression of its mechanisms and the interplay of
programs and data, we present in outline the steps required for processing a set
of gels.

In Step [1], gels are assigned unique accession numbers which are used to
reference the gels in the system in the future. An accession number
“XXXX.E is a sequentially assigned four-digit number XXXX (with leading
0’s) with its exposure E being the Eth exposure of that gel accessioned into the
system.

In step [2], gels are scanned using the Vidicon TV camera/RTPP picture
memory hardware to digitize the images to 512 x 512 pixel 8-bit gray-scale data
stored on 9-track 800 BPI magnetic tape. The RTPP is described in Refs.
(3, 18-22). If negatives were scanned, they are complemented at this time
before being stored on magnetic tape. The set of images (G1, G2, . . . , Gn)
constitute the gel image data base (cf. Fig. 3).

The accession file GEL.ID, is illustrated in Table IV. This is updated
in step [3] with relevant patient and gel information as well as the name of
the actual picture file for each gel accessioned into the system. This informa-
tion may be used later to partition the data base by classes based on any key-
word in a subset of this information. It is also used in various GELLAB
programs as an indirect reference to the gel image file by accession
number. ,

Since the wedge calibration program currently operates only on gel images
residing on the RTPP disks, the selected gel images are transferred from
magnetic tape to the set of RTPP picture disks in step [4].

The magnetic tape of gel images is copied in step [5] to the DEC-20 picture
disk for later use by the segmenter and other programs. It is currently
necessary to convert the quad images (four 256 x 256 image segments
constitute an RTPP 512 x 512 image) into a single DEC-20 512 x 512 image
using the CVGELP program for each of the gels.

Using the TOTDENSITY program on the RTPP in step [6], the user defines
the computing window (the region in the gel image where the spots are
located—omitting writing and ND wedge information in the gel image). At the
same time, the ND wedge is calibrated by computing a gray-scale histogram of
a 20-pixel-wide computing window sample of the ND wedge and matching
peaks in the smoothed histogram with the actual ND values of the wedge. The
user is required to position this sample window. The wedge gray value peaks
information for the set of gels is updated into the GEL.ID file which is then
transferred to the DEC-20.

Each of the gels in the set to be analyzed is segmented one at a time using the
SG2DRYV (1) spot segmentation program in step [7a] running on the DEC-20.
This process is usually run as a batch job. The set of gel segmentation files
produced are (GSF1, GSF2, . . . , GSFn) (cf. Fig. 3). Corresponding gel
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segmentation images are also produced for visual backchecking on how well
and which spots were segmented.

While the gel images are being segmented the user must manually define the
landmark spot sets on the RTPP in step [7b]. The initial landmark set is defined
for the R-gel in file LM1.DA. This file and a list of the other n-1 gels to be
compared with the R-gel are input as parameters to the MAKCMP program
which generates a batch job for the RTPP. This interactive batch job will
generate the set of #-1 landmark spot files {LM2.DA, . . . , LMn.DA} by
directing the landmark alignment program with cursor information as to what
the next spot in the R-gel the operator is to landmark in the corresponding gel.
Thus the landmark set will be the same for all #-1 gels. The RTPP landmark
alignment program permits the operator to flicker align the two gels and then
mark the aligned spot either with a TV cursor overlaying the gel images as
directed by a graphics tablet or, in the case of a previously defined R-gel
landmark, at the current cursor position (specified by the program). After the
set of landmarks have been defined, they are transferred to the DEC-20.

In step [8], the new landmark spot set files are appended to the end of the
landmark spot data base file LMS.LM. This file is used along with the
particular accession file GEL.ID. This landmark spot data base may be
referenced by its contents. That is, a set of landmark spots is accessed in the
LMS.LM file by a pair of accession number names (such as (54.1, 73.1), where,
in the example given in this paper, gel 54.1 is the R-gel).

The set of n-1 gels to be paired with the R-gel are then processed by the
CMPGEL (2) program one at a time in step [9] on the DEC-20. The algorithm
uses the landmark spots to partition the two GSFs into landmark spot region
sets of spots. These are then paired using a heuristic nearest-neighbor
algorithm. This is usually run as a batch job. The LMS.LM file will be searched
for the required landmark set. The resulting set of gel comparison files is
{GCF,, GCF,, . . . , GCF,_,} (cf. Fig. 3).

Finally, the CGL data base is constructed and analyzed in step {10] using the
CGEL program (cf. Fig. 3).

APPENDIX B: SAIL DATA STRUCTURES FOR GELLAB-—SOME DETAILS OF
INTEREST

The CGEL program is implemented in the SAIL programming language (23)
for a DEC-20 (or DEC- 10) computer. It uses the RECORD facility to create the
multiple-field spot data structure records. The CGL data base is stored as a list
of R-spot sets indexed by the R-gel spot. Each R-spot set consists of a linked
list of spot records. For example, in Table IIla the R-spot set [1] spot
corresponding to R-gel 0054.1 and segmenter GSF index 0290 would have the
10-character CGEL index key ‘0054.10290.”" The spot key just mentioned is
implemented using the LEAP associative store facility such that R-spot indices
in the range of [1:1100] can be recalled from the 10-character key. This
‘“‘inverted-file’’ accessing method is useful when building (or later accessing)
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the data base since it is important to determine whether a spot pair (one of
which is from the R-gel) is already in a R-spot set. Extensive use is made of the
macroexpansion and string-processing facilities of SAIL as well. Other
important data structures are:

1. The set of working gels used to restrict the CGEL operations to a subset of
the gels in the data base. Only gels in the working set are used in the
computations.

2. The classification sets which contain the names of the gels in each of up to
nine classes. These structures and those for (1) above are implemented using
the SAIL LEAP SET facility.

3. The search results list containing a list of R-spot indices found by one of
the many search procedures (or defined manually).

The ‘‘search results list”” of R-spots which were found by various searches
(or explicitly defined) is available to many of the CGEL operators for
processing. Each gel has, associated with it, accession file text information,
total gel density, and number of spots in the gel which is used to label tables and
plots as well as for normalization for some operations.
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