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Optimal hybrid sequencing and assembly: Feasibility conditions for accurate genome
reconstruction and cost minimization strategy
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Abstract

Recent advances in high-throughput genome sequencing technologies have enabled the systematic study of various
genomes by making whole genome sequencing affordable. Modern sequencers generate a huge number of small sequence
fragments called reads, where the read length and the per-base sequencing cost depend on the technology used. To
date, many hybrid genome assembly algorithms have been developed that can take reads from multiple read sources
to reconstruct the original genome. However, rigorous investigation of the feasibility conditions for complete genome
reconstruction and the optimal sequencing strategy for minimizing the sequencing cost has been conspicuously missing.
An important aspect of hybrid sequencing and assembly is that the feasibility conditions for genome reconstruction can
be satisfied by different combinations of the available read sources, opening up the possibility of optimally combining
the sources to minimize the sequencing cost while ensuring accurate genome reconstruction. In this paper, we derive the
conditions for whole genome reconstruction from multiple read sources at a given confidence level and also introduce the
optimal strategy for combining reads from different sources to minimize the overall sequencing cost. We show that the
optimal read set, which simultaneously satisfies the feasibility conditions for genome reconstruction and minimizes the
sequencing cost, can be effectively predicted through constrained discrete optimization. Through extensive evaluations
based on several genomes and different read sets, we verify the derived feasibility conditions and demonstrate the
performance of the proposed optimal hybrid sequencing and assembly strategy.
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1. Introduction

Modern high-throughput shotgun sequencing devices se-
quence genomes using proprietary techniques to generate
a large number of relatively short sequence fragments. De-
pending on the technology used, the sequence fragments,
typically called reads, have different lengths. The desired
read length affects the choice of sequencing technology
and the overall cost of the sequencing experiments. In
genome assembly studies, assembly algorithms go through
multiple steps to reconstruct the original genome from
the numerous tiny reads, where conditions on minimum
read length and coverage need to be met to distinguish
repeats and faithfully reconstruct the original genome.
At present, there are various high-throughput sequencing
platforms [1, 2], where the major commercially available
technologies for next-generation sequencing (NGS) include
Illumina HiSeq, Roche 454, and Life Technologies SOLiD.
Additionally, third generation technologies such as PacBio
have emerged, which are based on single-molecule sequenc-
ing and generate long reads. Depending on the technology
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used, different sequencing platforms generate reads of dif-
ferent length and quality at different cost. In general, the
cost of generating long reads is substantially higher than
that of obtaining short reads, while longer reads make the
assembly more accurate, particularly when repeated re-
gions and gaps are present in the genome. It is possible
to reduce the average sequencing cost by combining reads
with different length and cost from multiple sources ob-
tained through different sequencing technologies. This is
referred to as hybrid assembly, and hybrid assemblers have
been developed to assemble genome sequences based on
reads from multiple sources [3–7], which include widely-
used algorithms such as CABOG [3] and ALLPATHS-
LG [4].

Although there exist various hybrid assemblers that can
assist with genome assembly from multiple read sources,
there is still a pressing need for rigorous investigation of
the feasibility of complete genome reconstruction and the
overall sequencing cost for such hybrid approaches. In re-
cent years, there have been research efforts to examine the
minimum requirements for complete genome reconstruc-
tion [8] and to derive a lower bound for the read length
and the coverage [9] for the case of genome assembly based
on a single read source. The increasing popularity of hy-
brid assembly, as well as the potential quality improve-
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