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1. INTRODUCTION

Genomic repeats are the most important challenge in ge-
nomic assembly even for isolate genomes. When reads are
shorter than the repeats it can be shown that the number of
genome reconstructions consistent with the read data grows
exponentially with the number of repeats [4]. In the case
of isolate genomes, long read technologies have largely ad-
dressed this challenge, at least for bacteria where the ma-
jority of genomic repeats fall within the range of achievable
read lengths [5]. In metagenomics, however, the problem
is compounded by the fact that microbial mixtures often
include multiple closely-related genomes differing in just a
few locations. The genomic segments shared by closely re-
lated organisms — inter-genomic repeats — are substantially
larger than intra-genomic repeats and cannot be fully re-
solved even if long read data were available. Instead, the
best hope is to identify and flag these repeats in order to
avoid mis-assemblies that incorrectly span across genomes.
In metagenomics, however, the problem is exacerbated by
uneven coverage across contigs and by the fact that both
inter- and intra-genomic repeats exist in the data. An al-
ternate approach based on the social network concept of
betweenness centrality was introduced in Bambus 2 [6]. In
Bambus 2, for example, repeat finding based on exact be-
tweenness centrality in a typical stool sample requires days
of computation. To overcome this limitation, we explore
the use of parallel and approximate betweenness centrality
algorithms for repeat detection in metagenomic assembly
graphs, and the effect of the level of approximation on the
efficiency and accuracy of these algorithms.

2. BACKGROUND

In network analysis, metrics of centrality are used to iden-
tify the most important nodes within a graph. In this work,
we use betweenness centrality. The betweenness central-
ity of a particular node is equal to the number of shortest
paths from all nodes to all others that pass through that
node. Brandes|[2] proposed an exact algorithm for comput-
ing betweenness centrality of all the nodes based on single
source shortest path approach. However, this approach is
not suited for large metagenomic data. Several approaches
for approximate betweenness centrality have been proposed.
Bader and Pich[1] provide an approximation algorithm by
choosing a subset of k starting nodes called pivots and ap-
ply the Brandes algorithm to just the chosen nodes. This
algorithm was shown to overestimate the centrality of some
unimportant nodes which are close to the pivots. Geisberger
et al. [3] solve this issue by changing the scheme for aggre-
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gating betweenness contributions so that nodes close to the
pivots are not unduly profited. A different approximation
strategy was proposed by Riondato et al. [7] based on ran-
domized sampling of shortest paths (rather than nodes), ap-
proach which offers probabilistic guarantees on the quality
of approximation. This algorithm guarantees that all ap-
proximate values of betweenness for all vertices are within
an additive factor e € (0,1) from the real values with prob-
ability at least 1 — 0.

3. METHODS
Data

We evaluate the efficacy of detecting inter-genomic repeats
using the approximate betweenness centrality methods on
simulated metagenomic assembly graphs. We start with a
collection of genomes from which we construct idealized De
Bruijn graphs (assuming perfect coverage and no sequencing
errors). Next we modify the De Bruijn graph generated from
the collection of genomes to identify repeats. We simulated
metagenomic assembly graphs consisting of two, five, and
ten bacterial genomes. For the five and ten metagenome
samples, random bacterial genomes were chosen from the
data set provided by [8]. A k-mer size of 55 was chosen for
the initial creation of the De Bruijn graph.

Cutoff Criteria For Repeats Identification
Centrality algorithms provide numeric estimates for the cen-
trality of each node, values from which we can infer whether
a graph node represents a repeat. In Bambus 2 [6] repeats
were defined as nodes with a centrality score larger than
three standard deviations from the mean centrality of the
nodes in the graph. We use the same definition here and
also explore the use of an alternate statistic independent of
underlying distribution — the interquartile range(IQR). Let
Q1,Q2, and Q3 denote the lower, middle and upper quartiles
respectively. IQR can be defined as the difference between
the upper and lower quartile. So, IQR = Q3 — Q1. To iden-
tify repeats we simply mark all the nodes with centrality
values larger than Q3 + 1.5 * IQR.

4. RESULTS

Across all datasets, the efficiency of the approach is corre-
lated with the level of approximation for both node sampling
and path sampling approaches (Figs. 1 and 2). Accuracy
is inversely proportional with the level of approximation.
The effectiveness of these methods is also higher in simpler
communities. In the 2-genome community, all inter-genomic



repeats were found by sampling as few as ten nodes, an or-
der of magnitude less time than calculating the betweenness
centrality using the full graph. For the 5-genome graph,
sampling as few as ten nodes yields a sensitivity of 86% and
full sensitivity is achieved with just 500 nodes, or approxi-
mately one tenth of the entire size of the assembly graph.

The 10-genome graph is substantially more complex yield-
ing much lower sensitivity for both node sampling and path
sampling approaches. The use of the inter-quartile range as
a decision criterion improves the sensitivity from about 6%
to 35% in the 10-genome graph at the cost of a reduction in
specificity from 99.3% to 90.9%. Also, note that the path
sampling approach is marginally more efficient than the node
sampling procedure - the worst runtime (at an error setting
of 1%) is roughly equivalent to sampling about 1000 nodes.
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Figure 1: Statistical measures of repeat detection
quality for the simulated metagenomic assembly
graphs. Betweenness centrality was approximated
by randomly sampling nodes in the graph.
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Figure 2: Statistical measures of repeat detection
quality for the simulated metagenomic assembly
graphs. Betweenness centrality was approximated
within epsilon of their true value.

5. CONCLUSION AND FUTURE WORK

Betweenness centrality is a proven method for finding inter-
genomic repeats in metagenomic assemblies. The size of typ-
ical metagenomic assembly graphs often make it infeasible
to calculate the exact betweenness centrality of each node,
as demonstrated by the slow runtime of the MarkRepeats
procedure from Bambus 2. Here we have demonstrated the
effectiveness of approximate measures of centrality able to
identify repeats in a fraction of the time previously required.
We explored two alternative approximation strategies, based
on node sampling and path sampling, respectively. The run-
time of node-sampling approaches can be more effectively
estimated as it increases roughly linearly in the size of the

sample selected. Conversely, path sampling approaches can
guarantee the level of approximation but runtime cannot be
easily estimated.

Despite promising results, our work has also revealed limi-
tations of the approximate approaches - in the more com-
plex communities the sensitivity of detection dropped sig-
nificantly, though it was partly rescued by the use of a deci-
sion cut-off based on inter-quartile ranges. We are currently
exploring this phenomenon and whether it will have a sig-
nificant impact on metagenomic assembly. It is likely that
many of the repeats missed by the approximate procedure
are small and local in nature and could be resolved through
other means. It is also possible that other approaches for
outlier detection would be more effective in restoring the
sensitivity of detection. We currently plan to incorporate
such algorithms in the Bambus scaffolding software in order
to improve its efficiency, and also plan to further develop
the repeat detection algorithms in order to improve their
sensitivity in complex graphs.
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