A Biclique Approach to Reference Anchored
Gene Blocks and Its Applications
to Pathogenicity Islands

Arnon Benshahar!, Vered Chalifa-Caspi®, Danny Hermelin?(®9),

and Michal Ziv-Ukelson!®)

! Department of Computer Science,
Ben-Gurion University of the Negev, Beersheba, Israel
{benarnon,michaluz}@bgu.ac.il
2 Department of Industrial Engineering and Management,
National Institute for Biotechnology in the Negev, Beersheba, Israel
hermelin@bgu.ac.il
3 National Institute for Biotechnology in the Negev,

Ben-Gurion University of the Negev, Beersheba, Israel

veredcc@bgu.ac.il

Abstract. We formalize a new problem variant in gene-block discov-
ery, denoted Reference-Anchored Gene Blocks (RAGB). Given a query
sequence @ of length n, representing the gene-array of a DNA element,
a window size bound d on the length of a substring of interest in @,
and a set of target gene sequences 7 = {11 ...7Tc}. Our objective is to
identify gene-blocks in 7 that are centered in a subset ¢ of co-localized
genes from @, and contain genomes from 7 in which the corresponding
orthologs of the genes from ¢ are also co-localized. We cast RAGB as a
variant of a (colored) biclique problem in bipartite graphs, and analyze
its parameterized complexity, as well as the parameterized complexity of
other related problems. We give an O(nm 4 2%nm/lgm) time algorithm
for the uncolored variant of our biclique problem, where m is the number
of areas of interest that are parsed from the target sequences, and n and
d are as defined above. Our algorithm can be adapted to compute all
maximal bicliques in the graph within the same time complexity, and
to handle edge-weights with a slight O(lgd) increase to its time com-
plexity. For the colored version of the problem, our algorithm has a time
complexity of O(anm). We implement the algorithm and exemplify its
application to LEE, a well-known pathogenicity island from the e. coli
genome harboring virulence genes. Our code and supplementary materi-
als, including omitted proofs and figures, are available at https://www.
cs.bgu.ac.il/~negevecb/RAGB/.

1 Introduction

Genomes of bacterial species can evolve through a variety of processes including
mutations, rearrangements and horizontal gene transfer. Information gathered
over the past few years from a rapidly increasing number of sequenced genomes
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has shown that besides the core genes which encode essential metabolic functions,
bacterial genomes also harbour a variable number of accessory genes acquired
by horizontal gene transfer, encoding adaptative traits that might be beneficial
for bacteria under certain growth or environmental conditions [15]. Many of
the accessory genes acquired by horizontal gene transfer form syntenic blocks
recognized as genomic islands - discrete DNA segments that are transferred
between closely related strains. During island evolution, several genetic elements
have been acquired independently at different time points and from different
hosts. Thus, genomic islands often represent mosaic-like structures rather than
homogeneous segments of horizontally acquired DNA.

Genomic islands are known to carry genes offering a selective advantage for
host bacteria. They play a key role in the emergence of highly virulent and highly
resistant pathogenic strains of bacteria, which are of major concern worldwide
[15]. This concern motivates new studies, such as the one proposed in this paper,
aimed to develop new tools that will help explore the evolution and spreading
patterns of pathogenicity, virulence and resistance components harbored within
genomic islands, across the bacterial kingdom. Furthermore, applying gene-block
discovery approaches to these studies may shed light on the function of unknown
proteins which are consistently co-transferred with functional gene cascades.

1.1 The Reference Anchored Gene Block Problem

We propose a new bioinformatic approach that is based on interrogating a given
reference DNA element from a specific genome for subsets of genes that are
conserved as proximity blocks across other microbial genomes. The subsequent
computational problem is called the Reference Anchored Gene Blocks problem
(RAGB). The input to this problem consists of the gene sequence of a reference
DNA element, and a set of target genome sequences. The target sequences are
then parsed, either via a simple sliding window approach or according to some a
priori biological data, into areas of interest or segments of small proximity. The
output of our problem are gene blocks that are clustered together in small vicinity
in the reference element, and that have orthologous genes clustered together
in segments of sufficiently many target genomes. Note that our model allows
paralogous occurrences of genes from the reference elements, and moreover, we
do not require that all input genomes be represented in an output block.

Our framework is based on a bipartite graph modulation. Following the phase
where the input element and genomes are parsed into (gene cluster encompass-
ing) segments, a bipartite graph is constructed according to these segments.
In this graph, vertices of one side represent subsets of reference genes, nodes
in the other side represent segments from the target genomes, and edges con-
nect the subsets of reference genes to segments from the target genomes that
contain corresponding orthologs. Based on this, we cast the problem of enumer-
ating reference-anchored gene blocks as a special type of biclustering problem:
Compute appropriately constrained bicliques in an input bipartite graph. The
constraint is a bound that ensures the co-localization of the reference genes par-
ticipating in a block. When it is necessary to distinguish between segments of
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different genomes, we color-code the vertices corresponding to segments in our
bipartite graph, and require colorful bicliques as solutions.

1.2 Results

Since our problem translates to a computationally hard problem, we use the
theory of parameterized complexity [13] which provides a convenient theoreti-
cal framework for analyzing exact algorithms for hard problems. In particular,
given a bipartite graph with n vertices corresponding to references genes, and
m vertices corresponding to target segments, we show how to compute all max-
imal constrained bicliques in O(nm + 2%nm/lgm) time, where d is the bound
on the genomic distance between two genes in a cluster. We then show how
to extend this algorithm to a weighted variant of the problem with an O(lgd)
increase to the time complexity. Finally, our algorithm can also be extended
to the more challenging vertex-colored variant corresponding to the case where
segments are overlapping sliding windows in the target genomes, yet we allow
only one segment per each genome in the output. The time complexity increases
in this case to O(29nm). We also use the theory of parameterized complexity
to analyze closely related biclique problems, and show that these are unlikely to
admit efficient algorithms with respect to their natural parameterizations.

We implement our algorithm in a program called RAGB Monitor (Reference-
Anchored Gene Block Monitor). This program enumerates conserved blocks that
are centered in small components of a given input DNA element and ranks them
according to a probabilistic p-value. The program is exemplified by applying it to
the analysis of LEE, a well-known pathogenicity island from the E. coli genome,
where it identifies components of type III secretion system from LEE that are
conserved across several proteobacterial genomes.

1.3 Related Work

On the biological front, previous related works studied the evolution of oper-
ons across different species by using either experimentally validated operons, or
sets of genes from a pathway of interest, as anchors. A computational method
was recently proposed for generalizing such studies in [12]. This method uses
alignment-based approaches to measure the distance between the gene maps
of orthologous gene clusters in various species and then interprets this infor-
mation against the phylogeny of the target genomes. The method assumes a
model where a chromosome is considered as a permutation of distinct genes.
Similarly to these works, we also base our search on the gene map of an anchor
DNA element. However, in contrast to these previous works, we consider several
orthologs in each target genome, per each gene in the reference element. More
importantly, our biological objective is quite different: We apply an exhaustive
approach, aimed to discover all (possibly overlapping) co-localized subsets of
genes from the anchor reference element that are conserved as orthologous gene
clusters in (possibly overlapping) subsets of genomes from the input set.
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In this respect, our problem is related to the well-studied gene team discov-
ery problem (thoroughly reviewed in [2]) that seeks conserved gene clusters in
an input set of genomes. Several models were considered for this problem. In
the most basic one, a chromosome is considered as a permutation of distinct
genes, and a gene team is defined to be a set of genes that appear in all the
prespecified species, possibly in a different order, yet with the distance between
adjacent genes in the team for each chromosome bounded by a certain thresh-
old. This model is generalized to consider paralogous copies of the same gene
in [16]. Polynomial time exact algorithms exist for the problem variants men-
tioned above. The next step to further generalize the gene team problem is to
find teamsthat only occur in a subset of a given set of genomes. This step makes
the problem NP-complete, and several heuristic approaches were proposed for
this variant [10,11]. Chateau et al. [3] modeled approximate gene clusters as
cliques in a graph, where nodes represent intervals (sets of genes co-located in
a genomic region) and an edge connecting two nodes indicates that their set-
distance is bounded by some predefined constant. The problem introduced in
our paper could be viewed as a special variant of gene team discovery, where the
sought gene teams are clustered around a predefined team of “centroid” genes.
The model we follow in our solution to the problem is the most general one: It
allows paralogous occurrences of genes in input strings, does not require gene
order conservation, and does not require that all input genomes participate in a
candidate solution.

2 Problem Definition and Formulations

Let ¥ denote a finite set of characters representing genes. A genome is repre-

sented by a sequence S = oy ---0, of concatenated characters o1,...,0, € X.
For a sequence S = o7 ---0y,, we use |S| = n to denote the length of S, and
S[i] = o; to denote the i’th character of S. A subsequence of S is any non-

empty sequence S’ that can be obtained by deleting zero or more characters
from S. An interval of S is a subsequence of S with consecutive characters. For
1 <i<yj<|S], welet S[i,j] = 0;---0; denote the interval of S beginning
at position ¢ and ending at position j. We call a sequence where all characters
are different a permutation. Two sequences S7 and Sy are said to be equivalent,
denoted S; = Sy, if [{S1[i] =0 :1 <@ <|Si|} = |{S2i] =0 : 1 < i < |Ss|}]
for all o € ¥. In other words, S1 = Sy if both sequences have the same number
of occurrences of each character o € 3. Clearly, for two equivalent sequences Sy
and Sy we have |S1| = |Sa].

Let @ denote a sequence representing our designated reference element, and
let 7 ={T1,...,Tc} denote a set of sequences representing the target genomes.
An instance of our problem is defined by a triplet (Q,Z,d), where d is a pos-
itive integer, and Z = {Zi,...,Z¢} is a family of interval sets where each
7, = {T},...,T}"} contains intervals of T;. Each interval T} represents an area
of interest in the target genome T;, and d represents the length of intervals that
are of interest in ). Our goal is to find subsequences in intervals of length d
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in @, representing operons in the reference element modeled by @, that have
equivalent occurrences in areas of interest of the target genomes. We formalized
this in the following definition:

Definition 1 (Block). A block in (Q,Z,d) is a set of sequences {q,t;,, ...t}
satisfying:

1. g is a subsequence of some interval of length d in @,

2. t;; is a subsequence of some interval in L-]. foreach 1 < j <k,
3. il #ig#"'#ik,and

4. g=t;; foreach 1 < j < k.

We say that a block {q,t;,...,t;,} is mazimal in (Q,Z,d) if there is no
other block {¢',#},...,t},} in this instance where ¢ is a subsequence of ¢’ and

{i1,...,ik} - {jlv-”ajf}'

Definition 2 (Reference Anchored Gene Blocks Problem (RAGB)).
The REFERENCE ANCHORED GENE BLOCKS problem is the problem of com-
puting all maximal blocks in a given problem instance (Q,Z,d).

We consider two distinct approaches to parse the intervals of our target
genomes. The first approach, which we call the sliding window approach, is an
exhaustive approach where each target genome in T; is parsed into all its sub-
strings of length d, i.e. T;[1,d], T;[2,d+1], ..., T;[n—d, n], and each such substring
yields an interval in Z;. The second approach takes into account biological signals
to parse the genome into non-overlapping intervals. Another modeling option to
be considered is whether we allow one or more orthologous genes in each of our
input genomes; that is, whether or not our input sequences are permutations.
This leads to the following two RAGB problem variants:

RAGB1. Compute reference anchored gene clusters in the following model:
Intervals in 7 are parsed biologically into non-overlapping intervals. All input
sequences are permutations.

RAGB2. Compute reference anchored gene clusters in the following model:
Intervals in 7 are parsed via the sliding window approach. The input sequences
are not necessarily permutations.

We cast both RAGB problem variants as biclique enumeration problems in bipar-
tite graphs. The input to our framework consists of a sequence @ representing our
designated genome, and 711, ..., Tc sequences representing the target genomes.
Each genome Tj is parsed into intervals, and the ensemble of intervals from all
the genomes yields the interval set Z = {Z;,...,Z¢}.

Based on @ and the intervals in Z a bipartite graph G = (AW B, E) is
constructed: Each node in A = {ay,...,a,} represents a single character in
Q, such that node a; € A corresponds to character Q[j]. Each node in B =
{b1,...,bn} represents a distinct interval in Z. We then connect vertex a; € A
to vertex b; € B iff the character Q[i] appears in the interval corresponding to b;.
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We can also add a weight measure to this edge to indicate the level of similarity
between the gene Q[i] and its occurrence in the interval corresponding to b;.

Next, for the second variant of RAGB, RAGB2, we further need to distinguish
between intervals of different genomes. For this, we introduce a coloring function
c¢: B —{1,...,C} for the vertices of B, where ¢(b;) =i iff b; corresponds to an
interval of T;. The reason we do not need this function for RAGBI is that each
sequence T; is a permutation, so any character of () can appear at most once in
any of these sequences.

A biclique in G is a pair of non-empty vertex subsets A’ C A and B’ C B
where {a,b} € E for each pair of vertices a € A’ and b € B’. We say that a
biclique (A’, B’) is mazximal if for any biclique (A”, B”) in G with A’ C A” and
B’ C B” we have A’ = A” and B’ = B”. In case G is equipped with a coloring
function for the vertices in B, we say that a biclique (A’, B) is colorful if no
two distinct vertices in B’ have the same color. For 1 <i < n —d, let A[i,i+ d]
denote the subset of vertices {a;, ajt1,...,ai+q} C A.

Observation 1. There is one-to-one bijection between mazimal (colorful)
bicliques (A’, B') in G with A’ C Ali,i+d] for some 1 <1i < n—d and mazimal
blocks in (Q,Z,d).

3 Block Bicliques

In this section we present algorithms for our model for the REFERENCE
ANCHORED GENE BLOCKS problem, as well as analyze related possible mod-
els. We are interested in computing bicliques of certain properties in a bipartite
graph. Since computing a biclique with a certain number of edges or vertices in
a bipartite graph is NP-complete [7], any meaningful model for our problem will
be NP-hard as well. Thus, we use the theory of parameterized complexity [13]
to cope with this hardness.

Recall that G = (AW B, E) denotes a bipartite graph with A = {a1,...,a,}
and B = {b1,...,bn}. For a vertex v € AW B, let N(v) denote the set of
neighbors of v, i.e. N(v) = {u : {u,v} € E}. For a subset of vertices A’ C A,
denote the set of common neighbors of A’ by Bar = (),c 4» N(a). Similarly, let
Apr = pep N(b) denote the set of common neighbors of any B C B. In this
way, a pair of non-empty subsets A’ € A and B’ C B is a biclique in G iff
By = B’ and Ap, = A’. Clearly, the number of edges in a biclique (A’, B’) is
|A'l| B

3.1 Three Biclique Problems

We next consider three possible candidates for biclique computation problems.
For the sake of simplicity, we consider only decision problems for now.
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BIPARTITE BICLIQUE :

Input: A bipartite graph G = (AW B, E) and an integer k.
Question: Is there a biclique (A’, B') in G with |A'||B'| > k ?

BIPARTITE BALANCED BICLIQUE :

Input: A bipartite graph G = (AW B, F) and an integer k.
Question: Is there is a biclique (A’, B’) in G with |A’| = |B'| > k ?

For a fixed positive integer d, a biclique (A’, B’) is called a d-block biclique if
A’ C Ali,i+d] for some 1 <i<n—d.

BLOCK BIPARTITE BICLIQUE :

Input: A bipartite graph G = (AW B, E) and two positive integers d and k.
Question: Is there a d-block biclique (A’, B’) in G with with |A’||B’| > k ?

Clearly, the latter of these problems is tailor suited for the RAGB problem,
but the other two might a priori be of use in this context as well. In BIPARTITE
BIcLIQUE we wish to find a biclique with at least k edges, and in BIPARTITE
BALANCED BICLIQUE we wish to find a biclique where each side has at least
k vertices. Solutions to both of these problems are clearly meaningful in our
context. Note that we could have also considered a third variant where the goal
is to find a biclique with k vertices altogether (i.e. on both sides), but in the
setting of parameterized complexity of which we analyze all our problems, this
problem is quite similar to BIPARTITE BICLIQUE.

Lemma 1. BIPARTITE BICLIQUE can be solved in O(2Fn) time.

Lemma 2. BIPARTITE BALANCED BICLIQUE s W[l]-hard with respect to
parameter k.

Thus, the BIPARTITE BICLIQUE problem is FPT with respect to parame-
ter k, while BALANCED BIPARTITE BICLIQUE is not (under the widely believed
assumption that FPT # WJ1]). Note however that the main issue with the
BIPARTITE BICLIQUE problem is that we assume that the number of edges in
a solution biclique will be rather small, and can thus be taken as a parameter.
This is not the case for the BLOCK BIPARTITE BICLIQUE problem. As we will see
in the next section, this latter problem is fixed-parameter tractable with respect
to d, which for our purposes is much smaller than the number of edges in a
solution biclique. The biological motivation for RAGB1 and RAGB2 naturally
yields small bounds on d.

3.2 Solving RAGB1: An Algorithm for Computing d-block
Bicliques

The BLOCK BIPARTITE BICLIQUE problem trivially has a fixed parameter algo-
rithm with respect k, the number of edges in the solution biclique, by using the
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same arguments used in proving Lemma 1. We next show that this problem also
has a fixed parameter algorithm with respect to parameter d, the size of the
block, which is expected to be much smaller in practice than k. In fact, we will
show a much stronger result in that we can compute in FPT time the set of all
maximal d-block bicliques of our input graph.

Lemma 3. Given a bipartite graph G = (AW B, E) with |A| = n and |B| = m,
and an integer d, one can compute the set of all maximal d-block bicliques of G
in O(nm + 2%nm/lgm) time.

Algorithm for computing d-block bicliques:

— Foreach i € {1,...,n—d} and A’ C Ali,i+d] do
a. Compute the set B4/ of common neighbors of A’.
b. Return (A’, B').

Note that the set of all bicliques produced by this algorithm contains all maximal
bicliques of GG. These can be easily weeded out at a post-processing stage, or
during the computation of the algorithm.

To bound the running time of the algorithm above, first observe that we need
O(nm) time just to read the entire input. Next, notice that the algorithm has
O(n) iterations, where in each iteration it computes 2¢ bicliques (A’, B’). Start-
ing in each iteration with bicliques (A’, B’) where |A’| = 1, and increasing the
size of A’ by one each time, each set of common neighbors B4/ can be computed
with a single set intersection operation between N(a) C B and BA/\{a} C B for
some a € A’. This set intersection operation can be naively performed in O(m)
time, giving a total running time of O(2%nm) to our algorithm. However, using
standard bit-tricks of the RAM model, we can improve the running time of each
such operation to O(m/lgm), reducing the total running time of our algorithm
to the one stated in Lemma 3.

In the full version of the paper, we show how to use the “four russians tech-
nique” in order to adapt the algorithm above the case where the edges of G are
weighted. This allows us to compute all maximal d-block bicliques, along with
their weight, with only a factor of O(lgd) increase to the time complexity of the
algorithm. Details are omitted due to space constraints.

Lemma 4. Given a bipartite graph G = (AW B, E) with |A| =n and |B| = m,
a function w : E — {1,...,a} assigning weights to the edges of G, and an
integer d, one can compute the set of all weighted mazximal d-block bicliques of
G in O(nm+2%1gd - nm/logm) time.

3.3 Solving RAGB2: The Colorful Variant

For the purposes of solving RAGB2, we consider the colorful variant of the
BLOCK BIPARTITE BICLIQUE problem where the vertices in B have colors, and
we wish to find a biclique that contains at most one vertex b € B of each color.
For this purpose, let ¢ : B — {1,...,C} be a coloring function of the vertices
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in B. Recall that a biclique (A’, B') is said to be colorful if ¢(b1) = ¢(bs) implies
by = by, for every by,bs € B’. The COLORFUL BLOCK BIPARTITE BICLIQUE
problem is the variant of BLOCK BIPARTITE BICLIQUE where we wish to find a
colorful block biclique with a certain number of edges.

Unfortunately, we can no longer apply dynamic programming and the four
russians trick in this case. This is because the colors make the problem harder to
handle. In fact, it turns out that the colorful variants of the two other bipartite
biclique problems discussed above are W[1]-hard. This is not surprising for COL-
ORFUL BALANCED BIPARTITE BICLIQUE, as BALANCED BIPARTITE BICLIQUE
is W[1]-hard by Lemma 2, and there is a generic parameterized reduction from
any problem to its colorful variant using the color-coding technique [1]. For
COLORFUL BIPARTITE BICLIQUE we need a slightly more elaborate argument:

Lemma 5. COLORFUL BIPARTITE BICLIQUE is WI1]|-hard when parameterized
by k.

Regardless of the above, we can still compute in O(m) time a maximum sized
subset B’ C By in a set of common neighbors of some A’ C A. This means that
we can adapt the algorithm above to compute maximum size colorful biclique
(A’, B’) in O(m) time per each biclique. Moreover, note that in the same amount
of time we can actually count the number of different colorful bicliques (A’, B’)
corresponding to some A’ C A[i,i 4 d]. This is done by a simple combinatorial
computation that considers all possibilities of picking a single vertex out of each
color in B4:.

Lemma 6. COLORFUL BLOCK BIPARTITE BICLIQUE can be solved in O(2%nm)
time.

4 Methods

We implemented the algorithm for the RAGB2 problem in a program called
RAGB Monitor (Reference-Anchored Gene Blocks Monitor). Given the gene
map of a reference element and a set of target genomes, both in GenBank file
format, our program first BLASTSs each gene from the reference element against
each gene from the target genomes, and considers the two genes to be orthologous
if their BLAST score is below 10~%. Upon a successful BLAST result, genes from
the target genome are re-labeled with the gene id of the corresponding gene from
the reference element. If a gene in a target genome is found to be orthologous
with more than one gene from the reference element, we map it to the one with
the highest BLAST score. Genes from the reference element, on the other hand,
are allowed to be mapped to more than one gene in each target genome. For
each target genome, a sequence of gene ids is then created, consisting only of the
genes that were labeled by an ortholog from the reference element genes, and
preserving the gene order in the original target genome.

Our program also takes as input several parameters, including an upper
bound d on the length (measured as number of genes) of an interval in the
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reference element, an upper bound d’ (measured as number of genes) on the
length of an interval in the target genomes, and quorums ¢; and g» on the min-
imal number of anchor genes and target genomes, respectively, required in a
bicluster. For segmenting the target genomes into intervals, biological segmen-
tation is applied: The distance between two consecutive genes in an interval is
bounded from above by 2000bp, and in addition, an interval length is bounded
from above by parameter d’. The tool was implemented in Python 2.8.3 and the
experiments performed on an Intel Xeon X5680 machine with 192 GB RAM. For
a query reference element consisting of 42 genes versus 33 target proteobacterial
genomes (see Sect.5), the running time of our program ranged from 0.19s for
d =2, up to 379.8s for d = 20.

Finally, we define a p-value that determines the probabilistic likelihood of
each gene block found. Let m denote the number of target genomes, and let n
denote the length of each target genome. We define our p-value as the probability
that k genes appear together in d-blocks of ¢ out of the m genomes. We denote
the probability of this event by Pr[k, d, c]. Here, we assume that each genome is
a permutation on {1,...,n} drawn uniformly and independently at random.

Theorem 1. The following bound holds:

Prlk,d, c] < (?) ((%;)'E) (n — d))c.

5 Preliminary Bioinformatics Results

Enteropathogenic Escherichia coli (EPEC) is a major cause of food poisoning,
leading to significant morbidity and mortality. EPEC virulence is dependent on
a type III secretion system (T3SS), a molecular syringe employed by EPEC
to inject effector proteins into host cells [8]. The hallmark of T3SS is the nee-
dle apparatus it forms, also called “injectisome”. Bacterial effector proteins that
need to be secreted pass from the bacterial cytoplasm through the needle directly
into the host cytoplasm. Three membranes separate the two cytoplasms: the dou-
ble membrane (inner and outer membranes) of the Gram-negative bacterium
and the eukaryotic membrane. The needle provides a smooth passage through
those highly selective and almost impermeable membranes. The injected effector
proteins subvert host cellular functions to the benefit of the infecting bacteria.
A single bacterium can have several hundred needle complexes spread across its
membrane. It has been proposed that the needle complex is a universal feature
of all T3SSs of pathogenic bacteria. More than 15 proteins are needed to build
the T3SS, some of which are highly conserved in all known T3SSs. In EPEC, the
T3SS and related genes reside in several operons clustered in the Locus of Entero-
cyte Effacement (LEE), which is a stable pathogenicity island [5]. We exemplify
our tool based on LEE (EPEC) as the reference element and on representative
proteobacteria species as the target genomes.
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Fig. 1. The main result bicluster, anchored by genes 10-13 (escR, escS, escT, and escU)
from the LEE pathogenicity Island. For each co-localized instance of the anchor genes
in a target proteobacterial genome, the figure also shows additional homologs of genes
from the query island that were identified within the same genomic interval.

Sequences of LEE proteins from EPEC strain O127:H6 (str. E2348/69) [6],
NC 011601, were downloaded from the IslandViewer database [9], based on pre-
diction by SIGI-HMM [17], spanning genomic coordinates 4103271-4138312 of
the main chromosome. Islandviewer predicted 42 genes for this island. 33 target
genomes of proteobacteria were downloaded from NCBI, as described in Ream
et al. [12], who used this set of genomes in a study of the evolution of E. coli
operons.

Our objective was to identify biclusters: sets of genes, that are located in LEE
within a small proximity (i.e. contained within a window of size d in the gene
map of LEE), and that have orthologous genes conserved within small proximity
in some of the genomes of the proteobacteria species in our target set. For this,
we ran sliding windows of increasing sizes on the gene map of LEE, starting
with d = 2 (two genes) and converging at d = 17, after three runs in a row
gave consistent clusters. For each value of d, we considered all sliding windows
of length d (i.e. d consecutive genes) in the gene-map of LEE. For each sliding
window, we computed all biclusters, and selected the one with the lowest p-value,
computed according to the method described in Sect. 4.

The results shown in Fig. 1 were obtained for d = 17. The top-scoring cluster,
consistently across all window sizes, was the cluster containing the four genes:
10,11,12, and 13. The p-value for this bicluster (e=™® for d = 17) was signifi-
cantly lower than the p-values for all the other biclusters, based on its ortholo-
gous occurrences in 14 out of the 33 genomes in the target set. Furthermore, in
some of these genomes: Chromobacterium violaceum, Pseudomonas aeruginosa,
Vibrio parahaemolyticus, and Salmonella enterica serovar Typhi CT18, our tool
identified two or three copies of this bicluster in distinct locations on the chromo-
some. To interpret this result, we checked the literature and the Virulence Factor
Data Base [4]. The genes participating in the main bicluster predicted by our
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program were identified as four consecutive genes within the first operon of LEE:
escR, escS, escT, and escU. These genes are annotated as conserved T3SS pro-
teins: assembly of an inner membrane complex containing these proteins might
represent a critical early step in the biogenesis of the “syringe” apparatus men-
tioned above [14]. The other (less significant) biclusters yielded by our program
were also combinations of T3SS genes.
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