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Verbumculus is a collection of software tools for the efficient and fast detection and
visualization of words that occur unusually often or seldom as substrings in biomolecular
sequences. The inner core of VERBUMCULUS rests on subtly interwoven properties of statis-
tics, pattern matching and combinatorics on words. These properties enable one to limit
drastically and a priori the set of over- or under-represented candidate words of all lengths
in a given sequence, thereby rendering it more feasible both to detect and visualize such
words in a fast and practically useful way.

The VERBUMCULUS software is accessible at

http://www.cs.purdue.edu/homes/stelo/Verbumculus/

The executable code for Solaris (Sparc or Intel architectures) and Linux (Intel architec-
tures) can be downloaded from the site and run locally on the user’s machine. Alternatively,
the web server is available at the same address.

1 Method

The central data structure of our software is the suffiz tree. The suffix tree is a digital search
tree that collects compactly all suffixes of a given text (see, e.g., [1, 9]) which allows many
efficient, and often surprisingly simple and elegant solutions to problems on strings. While
the leaves of the tree correspond one-to-one with the suffixes of the text, the internal nodes
correspond one-to-one to all distinct words occurring in the text.

There are several algorithms for building the suffix tree in linear time with respect to the
size of the input (see, e.g., [14, 19]), and using an appropriate encoding of the words on the
edges of the tree, the space required for the suffix tree is also linear. The advantage of the
tree over standard tables of words is twofold: (1) the suffix tree is time- and space-efficient
resulting in fast analysis and low usage of memory, (2) the tree can be visualized compactly
and therefore conveys effectively the information to the user.

For example, once the tree is built, one can easily compute the number of observed
occurrences. With a simple traversal we collect the number of leaves in the subtrees rooted
at each node of the tree. The number of leaves corresponds exactly to the number of observed
occurrences of the word spelled out on a path from the root to that node.



It turns out that all the other parameters of interest can be computed efficiently on the
suffix tree. The expected value and variance of all substrings in a given sequence can be com-
puted and stored using the (optimal) quadratic-time given in [2] exploiting the combinatorial
structure of the periods of the strings.

In [2] we also show that under several scores the candidates over- or under-represented
oligonucleotides are restricted to a linear number, as opposed to the quadratic number of
possible substrings. Based on this surprising fact, we have designed VERBUMCULUS to detect
favored and unfavored word in our probabilistic framewor in overall linear time and space.

The suffix tree for a single string can be easily extended to represent the suffixes of a set
of strings. These suffixes are collected in a tree called e erali e suffix tree [9]. ere we are
interested in the number of colors , that is the count of distinct sequences that contain a
particular word. The computation of the colors uses the linear time algorithm by wui [1 ].

ot e t t e

VERBUMCULUS is composed by three modules: the tree builder VERBUM, the graph drawing

program , and the graphic interface REEV . The entire pac age consists of more than
ten thousand lines of code.
VERB is written in using the Standard Template Library (STL) [1 | which should

allow us easy portability under different platforms. The development of the software has been
facilitated by the use of debuggers and a version control system ( s). We have compiled
the code, without any change, under Solaris and Linux.

VERB reads the input sequence(s) and the various parameters supplied by the user, and
creates a (possibly pruned) suffix tree annotated with the score selected at the beginning
by the user (see next Section for the list of available scores). The output is a text le
representing the tree in the dot format (see below). VERB is particularly fast: although the
time ta en for the analysis depends on the score and the other parameters, it is usually in
the order of a few seconds for the most common choices.

is a graph drawing program developed by AT T Labs as part of the ®r V
pac age [ , |. It reads graphs in the dot representation and outputs drawings in a dozen
of formats, among which ostscript and . The source code and binary executables for
common platforms are freely available from the RV site.

Finally, REEV is the graphical user interface that runs on the client size, and more
speci cally on the browser of the user. It is entirely written in ava, and uses the R
libraries by AT T Labs | |].

A couple of thousands lines of ERL code glue everything together. ERL scripts generate
the ML for the input forms and control the execution of the various stages, handling
exceptions and errors.

o) d e e

sers can download the binary executables VERB and for Solaris (Intel and Sparc
architecture) from VERBUMCULUS’ site. The most common usage involves running VERB



VERB

on the le containing the sequences to produce the dot le, and then using to create a
graphical representation ( ostScript, , Frame a er, etc.) of the tree.

Figure 1 shows the command line options of VERB. ptions 1and de ne respectively
the minimum and the maximum length of the motifs (default is 2 and  bps respectively).
Flag  sets the threshold on the score: words which score is lower than the threshold (in
absolute value) are ltered out. Flag  is used to mas words that have expectation lower
than a given value. Flag  tells VERB to re ect words that contain a speci ed pattern. w
and  are used to analyze a speci ¢ window, and they control the position and the size of
the window respectively. allows the user to add a text label to the tree.

Flag  controls the type of score we want to use to annotate the tree. We discuss rst
those based on a single sequence, where VERBUMCULUS supports the following six different



scores. For each oligonucleotide  we de ne

() ————— asde ned by Brendel et al , where ( ) is the expected frequency

of based a ar ov model of order 2 (see [ | for details)

( ) is computed by comparing the number of occurrences of the words of two suffix
trees (requires the submission of an external model with the parameter )

where we denote by () the number of observed occurrences of  in the input sequence,
by () the number of expected occurrences of under a Bernoulli model, by ()
the variance on the number of occurrences of under the same model, and by ()a

rst-order approximation of the true variance that is faster to compute. ore speci cally, if
the size of the sequence is , and  has length (1) 2 then

and
() (e ) ()@ (1)
2() ( 1) ()
where ( ) is the probability of occurrence of  and are the perio s of

(see [ , 2] for a detailed explanation).

Li ewise, the analysis of the target sequence may proceed considering the sequence as a
whole as well as by performing computations independently within a number of consecutive
segments in a suitable covering of the input, and analyzing one such window at a time.

We now turn to the scores associated with frequencies de ned on a set of sequences. In
this class, the following four additional scores are supported.

() () ()




( ) is computed by comparing the number of colors of the words of two suffix trees
(requires the submission of an external model with the parameter )

where () is the expected number of sequences that contain at least one occurrence of
and () is the observed number of sequences that contain at least one occurrence of
iven sequences of size for [l |, esole et al [1 ] de ne () as follows

() 1

where () is the probability of occurrence of in the -th sequence.

The parameters of the model, i.e., the probability of the symbols, are estimated from the
sequence itself. Flag  allows the user to specify a different le from which VERBUMCULUS
will compute parameters of the model.

The ag  sets the order of the ar ov chain. The default is , which corresponds
to the Bernoulli model. We remar that words smaller than 2 are not displayed at
all, because the model would predict their statistics exactly and therefore they will never
result surprising. hoosing higher ar ov orders does not necessarly mean that you will
get better results. As the size of the model grows its ability of prediction grows as well.
Therefore there are less and less surprising words.

When the model is very precise on the reproduction of a particular set of observations but
cannot capture the general characteristics of the source, we have a situation called o er tt:

A related problem is that the bigger is , the larger is the number of parameters to be
estimated from the data, and the longer has to be the sequence in order to get statistically
meaningful estimates.

ption  is used to tell VERB that the input is in FASTA format. If  is not speci ed,
VERB will assume that the le contains only the sequences with no annotations. We strongly
recommend, however, to use the FASTA format. An example of sequence in FASTA format
is shown in Figure 2. Any line that begins with or is considered to be an annotation
and disregarded. VERB internally converts the sequences to upper case, and resolves the
I A -I B symbols by generating random substitutions (see Table 1). For example, if
VERB encounters the character it randomly substitutes the symbol with or with equal
probability. Any symbol in the sequence that does not belong to the alphabet of Table 1 is
discarded.

Finally, option  tells VERB that the input is a set of proteins, instead of = A. The
alphabet follows the standard naming convention for the amino acids (see Table 2). In
the current version, VERB internally converts the sequences to upper case, and reduce the
alphabet to three symbols , ,  which represent respectively hydrophobic, polar and
charged amino acids or to four symbols , , , which denote respectively hydrophobic,
not charged, positevely charged and negatively charged amino acids. The mappings between
the twenty natural amino acids and the reduced alphabet of the electric charge is shown in the
last column of Table 2. The rationale of reducing the alphabet size is twofold. ne one hand,

nding exactly conserved patterns of interesting size over an alphabet of 2 symbols proved
unli ely. n the other, amino acids within certain groups share chemical and structural
properties in such a way that they can actually swap without changing the function of the



Figure 2: The initial portion of a sample set

of sequences in FASTA format

ol ea 14 u les )
Adenine
ytosine
uanine
Thymine
racil

or
or
or
or
or
or
\') or or
or or
or or
or or
or or or or

Table 1: I A -T B symbols for nucleotide nomenclature



protein. Indeed, it is biologically more meaningful to compare amino acids based on their
degrees of similarity rather than in terms of strict equality of residues.

The classi cation we choose, based on the electric charge of amino acids, is ta en from
[21, 1 ]. This is ust one of the possible choices since some amino acids belong to more than
one class (for example ) and some to none (for example ). Also, several classi cations have
appeared in the scienti c literature, and they not always agree.

The execution of VERB on the le containing the sequence(s) under study creates a le
with the suffix dot that holds the representation of the tree. For example, a run of VERB
on the le of Figure 2 is shown in Figure

The information printed by VERB on the standard output re ects the choices of the user
and summarizes the statistics of the tree. In our example, we submitted 1  sequences for
a total of 4 base pairs. The complete tree of all the words up to size ve is composed by
29 nodes. The annotation too . seconds on our hz Intel Solaris machine. The
shape of the distribution of the scores is approximately aussian.

We will not describe here all the features of . A user guide can be found at http:
//www.rese rch. tt.com/sw/tools/ r ph /. The standard usage of to create a

ostScript le is dot ps le me .dot o le me .ps . The picture of the tree
for our running example is shown in Figure 4.

e € e e

A portion of the main interface of the web server is shown in Figure . The user has the
option to submit the input as a raw sequence of lettersorin s  format. The input can be
pasted into the window or uploaded to the server. In the case of analyzing long sequences,
we advise the user to download the executables VERBUM and and wor locally, to
avoid the overhead of networ communication and the relative inefficiencies of erl scripts
and ava.
Various lters can be used to reduce the size of the output and mas the irrelevant
information. The current lters offered by VERBUMCULUS support the selection of words in
which:

length is within a speci ed interval
-score (in absolute value) is higher than a xed threshold
expectation is higher that a given threshold (this is to lter out rare words)

occurrence of a particular substring is forbidden.

These lters can be combined in any way to meet the user’s needs.

Another important choice is the type of score used to annotate the tree.  ur experi-
ence suggests that words which are highly signi cant in terms of scores based on counting
occurrences are usually highly signi cant in terms of colors, and vice versa. As a result, it
does not really matter which score one chooses the signi cant words will be discovered.

nfortunately, signals that are more subtle could be missed using the simpler scores. Some
preliminary comparative analyses on simulated sequences are reported in [4].



a e ol

Alanine , 49
Arginine , 22

Asparagine , 4.
Aspartic acid , .22
ysteine , 1. 2
lutamic acid , 2
lutamine , 4.11
lycine , 1
istidine , 2.2
Isoleucine , A4

Leucine , 9.
Lysine , .2
ethionine , 2.2
henylalanine , 91
roline , 12
Serine , .4
Threonine , 9
Tryptophan , 1. 2
Tyrosine , 2
Valine v,V A4

Table 2: Amino acids naming and classi cation (table based on [21], picture based on [1 ]).

, , , , ,and denoterespectively hydrophobic, polar, charged, not charged, positevely

charged and negatively charged amino acids. ccurence statistics were compiled using the
BI database



Figure : A run of VERB on a sample FASTA sequence



GCGGCT

GAAA GAAAA — GAAAAA
GGCGGC
o TTTTC TTTTCT
TTT TTTT
TTTTT
TA
CTTTTC AAAG AAAAG
AAAAAG
AM —— AAAA - apapn
AAGAAA A AA
AGAAA

Earlyl.600bps.z4.L6.X8

Figure 4: output on a sample set of sequences

Figure : Web interface of VERBUMCULUS



Figure : REEV output on a sample sequence

For performance reasons, we have limited the visualization of REEV to 1 nodes:
when the tree becomes bigger, VERBUMCULUS generates a ostscript le with the drawing
of the tree. If the user wants to ta e advantage of the interactive facilities of REEV he
will have to increase the effectiveness of the lters in order to produce a smaller tree.

nce REEV has drawn a tree, the user can wander about it. The magnitude of a
score value is transduced through font size, in the sense that for every word , the higher
the absolute value of the score of | the bigger the font used to represent . Words with
a negative score are, in addition, printed in red italics (see Figure ). At any time the user
can clic on a word and get information about the number of occurrences, the expected
number of occurrences, and the value of the score. Along with these, a representation of the
occurrences in the original sequence is produced (see Figure ).

Figure refers to the output of the analysis of a set of sequences. The two panels show
the usual information about two words pic ed from the tree, along with their positions inside
the submitted sequences. The original set of sequences is displayed in the window where the
occurrences of the selected words are highlighed in red. The rst row shows the position of
each base relative to the beginning the sequence.

Since the tree can be fairly big, REEV offers the option to get an overall picture of the
tree by clic ing on the bird’s eye button (the small window in Figure ). Also, REEV
can generate drawings in ostscript or IF that can be saved on the user’s machine for
further scrutiny.

An alternate viewer that uses hyperbolic geometry has been added in the latest version of

REEV . Figure 9 shows a view of a pruned suffix tree pro ected on a sphere. The software
is an adapted version of the visualization applets by A. obinson, based on the wor by
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Figure : REEV output in the case of sliding window

Figure : REEV output in the case of a set of sequences: note the panels showing the
positions of the selected word in the submitted sequences

12



Lamping et al [11,12]. The idea is to lay out the tree uniformly on the hyperbolic plane and
map the plane onto a circular display region. The pro ection onto the dis provides a natural
mechanism for assigning more space to a portion of the hierarchy while still embedding it in
a much larger context. hange of focus is accomplished by translating the structure on the
hyperbolic plane, which allows a smooth transition without compromising the presentation
of the context.

The beauty of such visualization technique is that it allows the viewer to eep a global
perspective of the data (i.e., the context) while examining selected regions in detail (i.e.,
to focus in). In the hyperbolic pro ection, as one moves away from the origin, the dis-
tance increases, but not in a linear fashion. Thus, the perimeter of the pro ection actually
corresponds to being at in nity and therefore all space may be shown in the pro ection.

The visualization of the suffix tree decorated with -scores in the hyperbolic space poses
some additional problems. The font size of each word conveys the score, and therefore must
be maintained. owever, when the words approach the boundary of the hyperbolic plane
they could become too small to be seen. In this case, they are drawn with a xed size font in
grey (instead of blac , if over-represented) or orange (instead of red, if under-represented).
The overall effect is to dim words close to the boundary to avoid the cluttering, but at the
same time to eep trac of them.

The hyperbolic viewer support several interactive facilities:

dragging the pointer on the display will cause the scene to be translated

holding down shift while dragging on the display will cause the scene to be rotated
about the root node

if the and eys are pressed during the display of the tree, the number of levels
of the tree shown will be increased and decreased respectively

if the is pressed during the display of the tree, the number of levels of the tree
shown will reset to the default.

The web server of VERBUMCULUS is available at the address http://www.cs.purdue.
edu/homes/stelo/Verbumculus/
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Figure 9: yperbolic Tree Viewer
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