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Abstract

Motivation: Read-overlap-based graph data structures play a central role in computing de novo genome assembly.
Most long-read assemblers use Myers's string graph model to sparsify overlap graphs. Graph sparsification
improves assembly contiguity by removing spurious and redundant connections. However, a graph model must be
coverage-preserving, i.e. it must ensure that there exist walks in the graph that spell all chromosomes, given suffi-
cient sequencing coverage. This property becomes even more important for diploid genomes, polyploid genomes,
and metagenomes where there is a risk of losing haplotype-specific information.

Results: We develop a novel theoretical framework under which the coverage-preserving properties of a graph
model can be analyzed. We first prove that de Bruijn graph and overlap graph models are guaranteed to be
coverage-preserving. We next show that the standard string graph model lacks this guarantee. The latter result is
consistent with prior work suggesting that removal of contained reads, i.e. the reads that are substrings of other
reads, can lead to coverage gaps during string graph construction. Our experiments done using simulated long
reads from HG002 human diploid genome show that 50 coverage gaps are introduced on average by ignoring con-
tained reads from nanopore datasets. To remedy this, we propose practical heuristics that are well-supported by our
theoretical results and are useful to decide which contained reads should be retained to avoid coverage gaps. Our
method retains a small fraction of contained reads (1-2%) and closes majority of the coverage gaps.

Availability and implementation: Source code is available through GitHub (https://github.com/at-cg/ContainX) and
Zenodo with doi: 10.5281/zenodo.7687543.

1 Introduction

Accuracy of long reads has improved tremendously over the last
3 years (Wenger et al. 2019). For instance, PacBio HiFi sequencing
technology yields consensus sequencing reads that are both long
(averaging 10-25kb) and highly accurate (averaging 99.8%).
Similarly, modal raw read accuracy above 99% has been reported
using reads from Oxford Nanopore Technology (ONT) sequencing
(Sereika et al. 2022). Consequently, long-read technologies have
shown the greatest promise in computing high-quality haplotype-
resolved genome assemblies (Jarvis et al. 2022).

The objective of genome assembly is to reconstruct the original
sequence from a large number of reads. Read-overlap-based assem-
bly algorithms work by constructing an overlap graph where each
vertex corresponds to a read, and edges represent suffix-prefix over-
laps between the reads. Practical algorithms account for the follow-
ing two key challenges while computing genome assembly. First,
due to the presence of repetitive sequences, it is usually possible to
reconstruct different genomes using the same input set of reads, each
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of which is fully consistent with the data (Medvedev and Pop 2021).
Accordingly, problem formulations for genome assembly which seek
a single genome reconstruction, e.g. by finding a Hamiltonian cycle
in an overlap graph, or computing an Eulerian cycle in a de Bruijn
graph, are not used in practice. Instead, assemblers compute contigs
which are long, contiguous segments that, in principle, correspond
to substrings of the source genome (Tomescu and Medvedev 2017).
Second, the presence of repeats, variable-length reads and read
errors also leads to too many edges in the overlap graph. This chal-
lenge is addressed by using graph sparsification heuristics that ex-
clude vertices and edges which are likely to be redundant or false.
The commonly used string graph model by Myers (2005) (i)
removes reads that are contained as a substring of a longer read
(Fig. 1), (ii) ignores suffix-prefix overlaps that are shorter than the
longest possible between a read pair, and (iii) removes transitive
edges. More aggressive sparsification procedures also exist in the lit-
erature such as the best overlap graph approach of Miller et al.
(2008) which retains only the best overlaps to a given read, where
“best” is defined using some criterion. Despite the use of such graph
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Figure 1 Illustration of an example where removal of vertices associated with con-
tained reads leads to a coverage gap. Reads with IDs 2 and 3 are contained in 1 and
6, respectively. If the contained reads are ignored, there is no walk in the sparse
graph that spells the genome

sparsification techniques in most long-read assembly tools, theoretical
understanding of these heuristics is fairly limited. A rigorous analysis
of these sparsification techniques is important, especially in the con-
text of diploid and polyploid genomes, because these can lead to loss
of useful haplotype-specific information from an assembly graph.
Shomorony et al. (2016) and Hui et al. (2016) gave provably efficient
algorithms for overlap graph sparsification for fixed-length and
variable-length reads, respectively. However, their formulations make
a simplifying assumption that the input reads are long enough to
avoid ambiguity caused by repeats, which may not hold in general.

Assuming a genome is sequenced with sufficient coverage, then
there must exist walks in an assembly graph that can spell the true
sequences corresponding to each chromosome. Due to repeats, these
walks need not correspond to non-branching unitigs. An assembly
graph which guarantees this property is said to be coverage-
preserving (formally defined in Section 2). In this article, we make
the following contributions:

1. We formulate the coverage-preserving property of genome as-
sembly graph models, and perform a rigorous evaluation of
three commonly used models: (i) de Bruijn graphs, (ii) overlap
graphs, and (iii) string graphs. We show that de Bruijn graphs
and overlap graphs are guaranteed to be coverage preserving,
but string graphs are not.

2. Graph sparsification is a critical step during genome assembly to
prune the overlap graph because it helps to compute longer con-
tigs. We develop theoretical results to compute a sparse overlap
graph while preserving the coverage-preserving property.

3. We extend the proposed theory into practical heuristics and a
prototype software ContainX. The proposed heuristics are useful
to identify redundant contained reads which can be excluded from
overlap graph without violating the coverage-preserving property.

4. We conducted experiments by using long read datasets simu-
lated from diploid HG002 human genome assembly while
matching read length distributions to real PacBio HiFi and ONT
data. We show that 1 and 50 coverage gaps are introduced on
average by removing all contained reads in HiFi and ONT data-
sets, respectively. This is the first work to quantify the impact of
graph sparsification heuristics in Myers’s string graph model.

5. For HG002 genome assembly, ContainX algorithm excludes
98-99% contained reads from the graphs and leaves < 10%
coverage gaps. This result compares favorably to the perform-
ance of other known solutions for this problem.

2 Concepts and notations

We set the stage by defining important notations and definitions.
We will recall commonly used assembly graph models.

Subsequently, we will give a formal definition of the desired
coverage-preserving property in graphs.

2.1 Notation on strings

For a linear string x = a; ...a, over alphabet £ ={A, C, G, T},
|x| = n is the length of x, x[i] = a; is the i symbol of X, and x][i :
jl = a;...a; is the substring from position i to position j. Let x de-
note string x concatenated with itself 7 times. String x is said to have
a suffix-prefix overlap of length / with string y when a proper suffix
of length / in x equals a proper prefix of y. Recall that a proper pre-
fix or a proper suffix of a string cannot be equal to the string itself.

We will use a circular genome model to avoid edge-effects associ-
ated with sequencing coverage. A circular string can be viewed as a
traditional linear string which has the left- and the right-most sym-
bols wrapped around and glued together. Circular string z =
(a1 ...a,) has length |z| = n. Substring z[i : j], where i € [1,n],j > i,
equals the finite substring of the linear infinite string (a1 ...a,)™
from position i to position j. Note that offset j in z[i:j] can
be greater than |z| because z is a circular string. Further, substring
zli:j] is said to be a repetitive string in z iff there exists
2li’ 1 j)] = zli : j],i’ # i. Suppose the true unknown genome is a set of
circular strings, each representing a chromosome sequence. Let ¢ be
a known upper bound on the maximum length of a chromosome in
the genome.

A sequence read sampled from the genome is a substring of one
of the circular strings in the genome. An indexed multiset of the
reads is represented using symbol R. Read x € R is labeled as a con-
tained read if there exists a read y € R\ {x} such that x is a sub-
string of y. If y is also contained in x, then x and y are identical. In
this case, break the tie by assuming that the read with lower index in
R is contained within the read with higher index. The reads which
contain read x are referred to as parent reads of x. We assume that
either there are no sequencing errors or reads have been error-
corrected. In our theoretical results, we will also assume that DNA
is a single-stranded molecule.

2.2 Graph models for genome assembly

De Bruijn graphs, overlap graphs and string graphs are popular
graph-based frameworks used for de novo genome assembly. Let
G(V,E,o,w) denote a directed assembly graph where vertices are
labeled with strings, and edges indicate suffix-prefix overlap rela-
tions between the labels of connected vertices. Function ¢ : V — T
assigns a string label to each vertex. Function w : E — N assigns a
weight to each edge. Weight of an edge v; — v; signifies the length
of the prefix of o(v1) that is not in the suffix-prefix match. In a de
Bruijn graph B,(R), vertex set V corresponds to the set of all k-mer
substrings in read set R, and an edge of weight one exists from ver-
tex vq to vertex v, if and only if o(v1)[2 : k] = 6(v2)[1 : k — 1] (Idury
and Waterman 1995). This data structure is also sometimes referred
to as node-centric de Bruijn graph (Chikhi and Rizk 2013).

Overlap graph O(R) is a directed multigraph where vertices cor-
respond to reads, and edges correspond to suffix-prefix overlaps
among the reads (Myers 1995). A directed edge v1 — v, with weight
|o(v1)] — I is drawn if and only if string o(v1) has a suffix-prefix
overlap of length / with string ¢(v2). A subgraph of overlap graph
O(R) that contains only the edges representing suffix-prefix over-
laps of length > k is denoted as O (R).

Myers (1995, 2005) introduced a sparse variant of overlap graph
structure called as string graph. Unlike overlap graphs which are
defined as directed multigraphs, string graph S(R) is a directed
graph. A string graph includes only the longest suffix-prefix overlap
between a read pair. Second, vertices associated with contained
reads are excluded from a string graph. Finally, if vertex vy connects
to v2, v2 connects to v3 and vy connects to v; using edges ej, e, and
e3, respectively, and w(e1)+ w(ez) =w(es), then edge e; is
excluded from the string graph because it is transitively deducible.
Removal of transitive edges is referred to as transitive sparsification.
A subgraph of string graph S(R) which only uses suffix-prefix over-
laps of length > k is denoted as S,(R). In practice, a string graph
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has significantly fewer edges compared to the overlap graph which
enables computation of longer assembly contigs.

By performing a closed walk in an assembly graph, one can spell
a circular string. This string is formed by concatenating labels of the
vertices in the walk without spelling the overlapped substrings
twice.

2.3 Coverage-preserving graph models

Unless all repeats can be unambiguously resolved, one can compute
different genome reconstructions, each of which is fully consistent
with input reads (Medvedev and Pop 2021). An assembly graph
spells the true genome if it spells all the possible genome
reconstructions.

The depth of sequencing must be sufficient enough for assem-
bling a genome (Lander and Waterman 1988). Informally, we will
assume that reads “cover” the genome, and the length of suffix-
prefix overlap between “consecutive” reads is above a certain
threshold. One way to achieve this is following. We say that there is
sufficient coverage over circular string z if there exist parameters
I1,l, € N such that [y > I, and all intervals of length /; — I, in z in-
clude the start of at least one substring of length > [; that matches a
read € R. See Fig. 2 for an example. This definition supports
variable-length reads and allows a read to match at multiple distinct
places in a genome. We will frequently use this assumption later in
our proofs in Section 3. Let C(R, 1,12, ¢) be the set of all candidate
circular strings of length < ¢ which satisfy the stated coverage as-
sumption using a given read set R and coverage parameters (/1,h).
The true genome is a subset of C(R, Iy, 12, ¢).

Definition. Given a set of reads R, coverage parameters (/1,/2) and
chromosome length threshold ¢, graph G(V,E, g,w) is said to be
coverage-preserving if all candidate strings € C(R,[1,l2, ¢) can be
spelled in the graph.

3 Analysis of known graph models

THEOREM 1. de Bruijn graph By(R) is coverage-preserving for all
k<h+1.

ProoF. If a circular string can be spelled in By, ;1 (R), then it can cer-
tainly be spelled in B,(R) for all k < I, +1. We will prove that
Bi_1,+1(R) is coverage-preserving by using contradiction. Suppose
there exists a circular string z € C(R,l,l2,$) which cannot be
spelled in By(R). Let k; (1 < i < n) denote the k-mer substring
starting from position 7 in z. If all k;s exist in the set of all k-mer sub-
strings extracted from read set R, then it is trivial to construct a
closed walk in By(R) which spells z. Therefore, at least one of the
k;s must be missing. Consider the minimum 7 for which this is true.
Next, consider the (/; — I»)-long interval ending at the position 7 in
the circular string z. Based on the coverage assumption, there is at
least one read € R which matches a substring of length > /; of z
starting in this interval. Such a read must contain k-mer k; as its sub-
string. O

Figure 2 Suppose /1 = 4 and [, = 1. A circular string z = (CATGA) has five intervals
of length I; — I, = 3 as shown in blue. Two reads ACATG and ATGA, which match
substrings 2[5 : 9] and z[2 : 5], respectively, are shown in green. z has sufficient
coverage because all five intervals include at least one of the starting positions of the
reads

Next, we turn our attention to overlap graphs. Unlike de bruijn
graphs, overlap graphs require a more careful analysis due to
variable-length string labels on vertices and variable-length suffix-
prefix overlaps. Our aim is to prove the following.

THEOREM 2. Owverlap graph Oy (R) is coverage-preserving for all
k < b

If a circular string can be spelled in Oy, (R), then it can be spelled
in Oi(R) for all k < L. For a circular string z € C(R, 1, b, ¢), we
propose an algorithm to identify a closed walk in Oj,(R) which
spells z. For this, we first need some definitions. Let A; be the
(ly — I)-long interval starting at position i in z, for all i ranging
from 1 to |z|. For each interval A;, let z[A;.s : A;.e] be the substring
of length > I; which starts in interval A; and matches a read € R. If
there are multiple such substrings available, pick the ones with the
least value of A;.s, and then with the least value of A;.e. Let A;.r €
R denote a read that matches substring z[A;.s: A;.e]. Suppose
Ag.q €[1,]2]] is the interval which ends at position Aj.s —1 if
Aj.s > 1 or else at position |z] if Aj.s = 1. Recall that a circular
string is equivalent to any of its cyclic rotated version, therefore, as-
sume wlog that |Ay.7| = maxie(y ) |Ai.7]. I | Ar.7] > [2] + b, it is triv-
ial to construct a valid closed walk by using single vertex
corresponding to read A;.r. In the following, we will assume that
|Air| < |z| + L for all i € [1,[z]]. The inequalities /; < |A4;.7| and
|Air| < |z|+ L imply that [y =L < |z|. Also |z] >1 because
11 — 12 > 0.

Lemma 1. For any two consecutive intervals (A;, Aiy1) in

(A Ao, A Aie > Airs+ 5 = 1.

Proor. All intervals including A; and A;;q are of length [} — L.
Aj.e — A;jy1.s equals its minimum value [, — 1 when (a) A;.s equals
the first position in interval A;, (b) A;t1.s equals the last position in
interval A;;1, and (c) the substring z[A;.s : A;.e] has minimum pos-
sible length /;. d

We will find a subsequence (71,7 >,...,7,) of (A1, Az, ..., Ay)
such that vertices corresponding to reads (71.7,7>.7,...,T .7, T1.7)
can be connected to form a valid closed walk which spells z (Fig. 3).
Let 71 = A;. Suppose a partial subsequence (71,7 3,...,7; = A))
has been computed so far. Continue by selecting the first interval
among (Ajy1,...,Ay) as T,y which satisfies the conditions
Tiv1.s>T;s and T, 1.e > T,.e. This selection procedure ensures
that 71.s < Tas < ... < TpsandTi.e < Tre < ... < Tpee.

LemMA 2. Length of the subsequence (T1,7T»,...,T),) identified by
the above procedure is at least two.

Proor. By contradiction. Assume p =1, i.e. the computed subse-
quence is 71 = A;. Based on our previous arguments, we have
|Ai.7| < |z|+ L, i =L < 2] and |¢| > 1. Interval A, cannot con-
tain position Aj.s because size of each interval, i.e. [; — b, is < |z].
Therefore, Aj.s < Ag.s < |z|. As interval A, was not picked among
the subsequence of intervals, A;.e must be > A,.e. Next, we will

Aj.s Ta
7\
" \/
Ase T2

Figure 3 A graphic illustration of the subsequence computed from the complete se-
quence of intervals Ay, Az, ..., Ay . In the left figure, the gray-colored circle indi-
cates circular string z, and the curved line segments indicate distinct substrings of z
associated with intervals A, A, ..., Ay . The right figure illustrates only the sub-
strings associated with selected intervals in the subsequence 71,75,73,7 4
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identify the minimum possible value of .A,.e to get a lower bound of
Aj.e. Ag.e is lowest when the length of substring z[A,.s : Ag.e] is Iy
and Aj,.s equals the first position in A,;. Using these conditions, ob-
serve that Ag.e > Aj.s+ 2|+ — 1, and therefore, Aj.e > Aj.s+
|z| + I, — 1. This implies that the length of substring z[A4;.s : Aj.e] is
> |z| + L. This is not possible when | A;.7| < |z| + L. O

LemMma 3. For amy two consecutive intervals (T;,Tiy1) in
(Tl, 7-2, . ,Tp), T,‘.S < TH]‘S, T,'.E < ’T,-H.e and
T,-.e > ’T,-H.s + 12 —1.

ProoF. The first two inequalities 7;.s < T;,1.s and Tj.e < Tiyq.e
are guaranteed by the selection procedure of T;y. Suppose 7; = A;
and 7,1 = A,. From Lemma 1, we know that A, j.e>
Aps+bhL —1. If j=k—1, then inequality T,.e > T;1.s+5L —1
holds. Otherwise, j < k—1 implies that A;_; was not picked
among the subsequence of intervals. This would happen in either of
the following two situations (i) Aj.s = Ap_1.s, Aj.e = Ap_y.e, (ii)
Ajs < Ap_q.s,Aje > Ap_q.e. In either case, Aj.e>Apq.e.
Therefore, T;.e > Tiy1.s+ 1 — 1. O

Lemma 4. Tps < Trs+1z|, Tpe < Tr.e+ 2| and Type > T.s+
2] + 5L —1.

Proor. The first inequality 7,.s < T1.s + |z2| holds because T;.s €
[1,|z]] Vie[1,p]. For the second inequality, recall that |A;.r] =
maxi€[1_‘z|]| A;r|. If Tpe>Tie+z, then |A4;.7] < ‘Tp.?“ which
cannot be true. The third inequality can be proved by using the argu-
ments from the proof of Lemma 2. If g < |z|, then the intervals
Agi1, .-, A will contain Ay.s and won’t be selected in the subse-
quence. As a result, either p=¢q or p < q. In either case,
Tpe>Age Age> Ais+|z|+ 1 —1 implies that Ty.e > 7.5+
IZ‘ -+ 12 —1. O

Lemmas 3 and 4 collectively prove that vertices associated with
the reads 7.7, T.7, ..., Tj.r, T1.r can be connected appropriately
to build a valid closed walk in overlap graph O;,(R). Along the
walk, the nonoverlapping prefix of read 7,7 (1 < i < p) spells
2[Ti.s: Tiy1.s—1]. The prefix of the last read T,.r spells
2[Tp.s: |z]]. When T.s > 1, it also spells z[1 : 7.s — 1]. This com-
pletes the proof of Theorem 2. Finally, we consider the string graph
model.

Observation. String graph S,(R) is not guaranteed to be coverage-
preserving for any value of k.

A counter-example suffices to support the above statement
(Fig. 4). Assume l; = 6,1, =2 and ¢ = 10. Suppose count of reads
|R| = 4,R[1] = CACGTG, R[2] = CACGTGG, R[3] = TGTGCA
and R[4] = TGGGCA. Accordingly, the two candidate circular
strings are (CACGTGTG) (covered by R[1],R[3]) and
(CACGTGGG) (covered by R[1], R[2], R[4]). However, read R[1] is
contained in read R[2] and the vertex corresponding to read R[1] is
excluded from the string graph. As a result, the first candidate
(CACGTGTG) cannot be spelled.

The significance of the above result is that despite sufficient
sequencing coverage, string graphs may lose coverage over the

RI3] R[4
\) ‘R[l] R[2]

Figure 4 A visualization of the counter-example used to analyze the string graph
model

genome. This limitation can lead to fragmented assembly in practice
(Feng et al. 2022; Nurk et al. 2022). Accordingly, the following
questions need to be addressed: (i) To what extent does the lack of
the above guarantee affect quality of string-graph-based long-read
assemblies in practice? and (ii) Does there exist an alternate graph
model derived from an overlap graph which is as sparse as the string
graph in practice, but guaranteed to be coverage-preserving?

4 An alternative framework for sparsification of
overlap graphs

String graph is a subgraph of an overlap graph that loses the
coverage-preserving guarantee after pruning selected vertices and
edges. In this section, we propose techniques to compute a directed
multigraph structure which is also a subgraph of overlap graph, and
it is guaranteed to be coverage-preserving. Specifically, we propose
safe graph sparsification rules for vertex and edge removal from
overlap graph O,(R),k < I, which ensure that all circular strings €
C(R,l1,1r,¢) can be spelled in the sparse graph. Suppose O} (R)
equals a subgraph of O,(R) after performing a sequence of safe
operations. Let W, (G) denote the set of circular strings of length <
¢ which can be spelled in graph G. From Theorem 2, we know that
C(R, 1,1, $) C W4(Or(R)). Therefore, the next three lemmas hold
true.

LemMA 5. Vertex u can be safely removed from graph O)(R) if
W(0}(R)) = Wo(O4(R) — ).

LeMMA 6. Edge uvy, i.e. the edge from vertex u to vertex v of weight
I can be safely removed from graph O),(R) if Wy(OL(R)) =
Wy (OL(R) — uvy).

LemMma 7 (Myers 2005). If vertex vy connects to v, vy connects to
vs and vy connects to vs using edges ey, ex and es respectively such
that w(er) +w(ex) = w(es) in graph O} (R), then edge e3 can be
safely removed.

One needs to be careful while removing contained reads. The
next lemma suggests a condition for when it is safe to remove a con-
tained read.

Lemma 8. The vertex corresponding to a contained read r € R can
be safely removed from graph O} (R) if all the following conditions
are satisfied:

1. Read r is a substring of exactly one candidate circular string
z2€C(R, 11, b, ).

2. Read r matches a non-repetitive substring of z.

3. Graph O} (R) contains a vertex corresponding to a parent read

of r.

PRrOOF. Let 7, be a parent read of read r whose corresponding vertex
exists in graph O/, (R). Denote the vertices corresponding to reads »
and 7, as u and u,, respectively. Recall that all reads are substrings of
the genome, and the genome is a subset of C(R, I1, 2, ¢). If r is a sub-
string of exactly one circular string z € C(R, 1,12, ¢), then 7, must
be a substring of z and no other circular string in C(R, 1, h, ¢). We
need to show that z can still be spelled after removing vertex # from
graph O} (R). Suppose (v1,e1,v2,€2,...,Un_1,€n-1,Vn), n> 1,0, =
vy is a closed walk that includes vertex u to spell z. WLOG, assume
that v1 = u. Note that neither of the vertices v5,v3,...,v,_1 equal u
because read r matches a non-repetitive substring of z. Since v = u,
the first character of z is spelled by using the first character of », and
z[1 : |r|]] matches read r. Vertex v1 = u is said to span interval A,
of length |r| starting from position one in z. Similarly, vertex v,
spans interval A, of length |o(v,)] starting from position w(e;) + 1
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in z. In general, each vertex v; in the closed walk spans a unique
interval A; with starting position € [1, |z]]. Next, we will construct a
new closed walk to spell z that uses vertex u, instead of vertex u.
The interval spanned by vertex u, in z, say A, can be uniquely
identified because substring z[1: |r|] is non-repetitive. Ay, sub-
sumes A; = A, and possibly a few other adjacent intervals
Ay, Az, ...and A,_1, A,_>,.... All vertices associated with the sub-
sumed intervals can be removed and replaced with #,. With add-
itional refinements, this procedure can be used to form a closed
walk that spells z without using vertex u. O

One can easily generalize Lemma 8 to a case where the contained
read and its parent read have consistent matches in more than one
candidate circular string. We will use Lemma 8 in Section 5 to motiv-
ate a practical heuristic. Finally, based on all such safe rules, it would
be ideal to construct a “minimal” sparse overlap graph. However,
implementing these rules in practice is not trivial. Suppose all
sequencing errors are corrected by using an appropriate error-
correction algorithm, we need to make an informed estimation of
I1, I, and ¢ parameters. Computing the set of closed walks W (G) ef-
ficiently in large overlap graphs is also challenging.

5 A Proof-of-concept implementation

We build a practical algorithm for overlap graph sparsification
that removes transitive edges by using the property in Lemma 7,
and filters out a subset of contained reads by using heuristics that
are inspired from Lemmas 5 and 8. Our implementation is current-
ly designed for error-free long-read sequencing data sampled from
both strands of DNA. Reverse complement of a string x is denoted
as xX. Reverse complements are handled by adding two separate
vertices for each read: first for the read as given and second for its
reverse complement. If vertex v corresponds to a read in either its
forward or reverse-complemented orientation, then 7 refers to the
vertex corresponding to the read in the other orientation.
Therefore, a(v) = o(7). Graph G(V, E, o, w) satisfies the following
two properties: (i) Vv € V,7 € V, and (ii) for each edge e € E, say
from vy to vy, an edge 72 — 771 of weight |a(v2)| — (|o(v1)| — w(e))
belongs to E.

Our implementation requires the following inputs from a user
for the initial graph construction: (i) error-free long reads, (ii) min-
imum overlap length threshold, (iii) exact suffix-prefix overlaps, and
(iv) exact match coordinates of each contained read to each of its
parent read. The minimum overlap length cutoff is set to 5 kb by de-
fault. For our experiments, we used minimap2 (Li 2018) to compute
all-versus-all read alignments. Overlaps available from minimap2
were filtered to satisfy the alignment length and 100% identity con-
straints. The first step in our implementation is to build an overlap
graph from the input suffix-prefix overlaps, and separately label
reads as either contained or non-contained. For each contained read
7, a set of 4-tuples is used to save match information with the parent
reads. For instance, tuple (p,7,7,+) indicates that read r matches
substring p[i : j] of read p € R. Similarly, tuple (p,i,j,—) indicates
that read r matches substring p[i : j], where p is the reverse comple-
ment of read p € R.

5.1 Transitive sparsification of a directed multigraph

The transitive sparsification property in Lemma 7 is inspired from
Myers’s string graph formulation. However, the linear O(|E|)
expected time algorithm from Myers (2005) to label transitive edges
is not applicable here because our graph is a multigraph, i.e. graph
can have multiple edges between a pair of source and target vertices.
Moreover, Myers’s runtime analysis uses the property that the num-
ber of irreducible edges per vertex is constant in expectation, which
does not hold in the presence of contained reads. We use a simple
O(|E|D?) time procedure (Algorithm 1) where D is the maximum
out-degree of a vertex in G. We did not explore faster algorithms

here because Algorithm 1 uses a small fraction of the overall assem-
bly runtime.

Algorithm 1: Labeling of transitive edges
Input: Graph G(V, E, o, w)

1fore; = vy — vy € Edo

for eo = v1 — v3 € E do
for e3 = v3 — vq4 € E do

if v4 = v2 and w(e1) = w(e2) + w(es) then
t Mark eq as transitive edge

7 R )

5.2 Remove non-repetitive haplotype-specific contained

reads

Lemma 8 suggests that a contained read can be removed if (i) it is a
substring of only a single haplotype, (ii) it is sampled from a non-
repetitive genomic region, and (iii) at least one parent read is avail-
able in the graph. The third condition is automatically satisfied
because there is at least one parent read of each read which is non-
contained, and therefore, will not be removed. We propose a heuris-
tic to check the first two conditions by computing all-versus-all read
alignments using Hifiasm (Cheng et al. 2021). For each read r, we
inspect multiple sequence alignment (MSA) of read r and other reads
overlapping with read r. We check if the count of reads in the MSA
does not greatly exceed the sequencing coverage to ensure that the
read is sampled from a non-repetitive genomic region. For a diploid
genome, we additionally check for the presence of a heterozygous
variant using the MSA (Fig. 5). Presence of a heterozygous variant
implies that read r aligns to a single haplotype. If both the conditions
are satisfied, we remove the two vertices corresponding to contained
read r and its reverse complement respectively.

5.3 k-mer-based filtering heuristic for contained reads
We process the remaining contained reads using a second filter. In
theory, we can try enumerating all possible string walks with and
without contained read. Comparing the two will inform whether the
read can be safely removed (Lemma 5). However, enumerating all
possible string walks at chromosome length scale is computationally
prohibitive. We address this by implementing a k-mer-based heuris-
tic. We first compute the set of k-mers observed in user-specified
bounded-length string walks from the vertex associated with con-
tained read (Fig. 6). By default, the length of these walks is set to
twice the length of the contained read. The set of observed k-mers is
denoted as k;. Next, we compute the union of set of k-mers
observed in bounded-length string walks from the vertices associated
with the parent reads of the contained read. This set is denoted as
K. If k1 C 13, we mark the contained read for removal. This heuris-
tic estimates if there exists a string which cannot be spelled after re-
moval of the contained read.

All overlapping reads

C Contained read ‘A )
: Check
Check heterozygous variants coverage

Figure 5 An illustration suggesting how multiple sequence alignment is used to de-
tect non-repetitive haplotype-specific contained reads. We precompute the set of
non-repetitive haplotype-specific reads by using a modified version of Hifiasm code
(https:/github.com/cjain7/hifiasm/tree/hifiasm_dev_debug)

€20z Iudy €| uo Jasn ninjeBuag ‘©ousIoS JO NYsU| UelpU| ‘Aleiqr [eows| eyel Ayl Ad . L¥20.2/42 ) PEIG/S/GE/I0IHE/SOIBWLIOIOIG/WOD dNO"dIWSPEOR)/:SARY WOy POPECIUMO]


https://github.com/cjain7/hifiasm/tree/hifiasm_dev_debug

Jain

KT el S

pI KWW’“ >
54/ /—Lo' o
P2 ./.'.......52.....0.\

Contained read r

Parent reads

Figure 6 An illustration for how k-mer sets x and k, are computed using bounded-
length string walks from contained read r and its parent reads, respectively, in an
overlap graph. Colored dots indicate the k-mers extracted from the strings

6 Experimental results

Our evaluation addresses two questions: (a) How many coverage
gaps are introduced if we follow the standard string graph model,
i.e. discard all contained reads during graph construction?, and (b)
How well does the proposed implementation (hereon referred to as
ContainX) perform when compared to string graph as well as other
existing methods?

6.1 Experimental setup

Read simulation from human haploid and diploid genomes

We used two human genome assemblies for read simulation. The first is
a CHM13 haploid genome assembly provided by the Telomere-to-
Telomere consortium (GenBank id GCA_009914755.4) (Nurk et al.
2022). This haploid genome assembly of size 3.1 Gbp has 25 contigs
and NS50 length 150.6 Mbp. The second assembly is a long-read diploid
genome assembly  (ftp:/ftp.dfci.harvard.edu/pub/hli/hifiasm-phase/v2/
HGO002.hifiasm.trio.0.16.1.hap1.fa.gz and ftp:/ftp.dfci.harvard.edu/pub/
hli/hifiasm-phase/v2/HG002.hifiasm.trio.0.16.1.hap2.fa.gz) of HG002
human sample computed using Trio-hifiasm (Cheng et al. 2021). This
diploid genome assembly of size 6.0 Gbp has 970 contigs and N50
length 57.8 Mbp. From these genome assemblies, we simulated eight
error-free read sets whose length distributions are compatible with real
PacBio HiFi and ONT sequencing data. We used Seqrequester (https://
github.com/marbl/seqrequester) to simulate reads from random start
positions in both forward and reverse orientations. Seqrequester allows
users to specify a desired read length distribution. We used HiFi and
ONT read length distributions from publicly-available long-read data-
sets of HG02080 human sample (Liao et al. 2022). Four long-read sets
were simulated from haploid genome assembly with 20-fold coverage.
The other four long-read sets were simulated from diploid genome as-
sembly with 30-fold coverage (15-fold per haplotype). Length statistics
and coverage information of the simulated read sets are shown in
Table 1. The commands used to run the tools are listed in
Supplementary Table S1.

6.2 Assessment of coverage gaps caused by removing
contained reads

Benchmarking procedure

We used the following method to estimate the count of coverage gaps
that are introduced by removal of contained reads. We computed all-
versus-all read overlaps by using minimap2 v2.23 (Li 2018) to identify
the set of contained reads. We labeled a read as contained if it matched
a proper substring of a longer read. We can have false negatives be-
cause minimap2 uses k-mer-based heuristics. However, there cannot be
false positives here because each overlap is verified using sequence
alignment. In the second step, the set of non-contained reads was
mapped to the genome. For the diploid genome, the set of non-
contained reads was mapped to both paternal and maternal haplo-
types, one by one. Minimap2 parameters were adjusted to enable
reporting of multiple best alignments per read. Whenever a read
aligned end-to-end against a genomic interval with 100% alignment
identity, we recorded the interval. Finally, all the genomic intervals
where no alignment coverage was observed were extracted using bed-
tools v2.29.1 (Quinlan and Hall 2010). Not all of these can be consid-
ered as coverage gaps caused by removal of contained reads. The
sequencing coverage and read lengths at the two extreme ends of each
contig are expected to be lower than the whole-genome average due to

Table 1. Properties of the simulated long-read sequencing datasets
including their size and length statistics.

Dataset Count of reads  N50 length ~ Max. length
HAPLOID-20x-ONT-1 3.7M 40098 572359
HAPLOID-20x-ONT-2 3.7M 40089 544992
HAPLOID-20x-HiFi-1 2.9M 21314 48708
HAPLOID-20x-HiFi-2 2.9M 21310 48708
DIPLOID-30x-ONT-1 5.3M 39715 544992
DIPLOID-30x-ONT-2 5.3M 39732 572359
DIPLOID-30x-HiFi-1 4.2M 21295 48708
DIPLOID-30x-HiFi-2 4.2M 21298 48708

Table 2. Coverage gap statistics for the gaps introduced by removal
of contained reads.?

Dataset Count of contained Coverage gap statistics
reads

Count  Max. length

HAPLOID-20x-ONT-1 3.2M 0
HAPLOID-20x-ONT-2 3.2M 0
HAPLOID-20x-HiFi-1 1.9M 0
HAPLOID-20x-HiFi-2 1.9M 0
DIPLOID-30x-ONT-1 4.6M 46 53490
DIPLOID-30x-ONT-2 4.6M 54 101371
DIPLOID-30x-HiFi-1 2.5M 1 1808
DIPLOID-30x-HiFi-2 2.5M 1 224

2Count of contained reads is estimated from all-to-all read alignments.

edge effect. Therefore, the intervals that overlap with either the first 25
kb or the last 25 kb bases of a contig are not considered. Similarly, the
intervals that overlap with segments of the genome with zero sequenc-
ing coverage are also not considered. The remaining intervals are the
coverage gaps introduced by removal of contained reads.

Results

The counts of coverage gaps observed in the four datasets are
shown in Table 2. We observe that there are zero coverage gaps
introduced in haploid genome for both ONT and HiFi read sets.
In theory, haploid genomes can suffer coverage gaps due to identi-
cal repeats in the genome (Fig. 1). However, removal of contained
reads does not cause any harm in practice. In diploid datasets, we
observe 1 and 46-54 coverage gaps introduced in HiFi and ONT
datasets, respectively. Compared to haploid genomes, coverage
gaps in diploid genomes are more likely to happen because a lon-
ger read sampled from one haplotype can subsume all reads
sampled from the homologous loci of the other haplotype, espe-
cially in regions with low heterozygosity. Moreover, ONT read
length distribution is highly nonuniform which leads to a higher
fraction of contained reads, and therefore, more coverage gaps.
Supplementary Fig. S1 shows long-read length distributions.

We further investigated whether the observed gaps are clustered
in a particular chromosome, but we did not observe such behavior.
The coordinates of these coverage gaps in the HG002 assembly were
mapped to the coordinates of GRCh38 human genome reference by
using paftools (Li 2018). The complete lists of these coordinates are
provided in Supplementary Tables $2-S5. We also evaluated hetero-
zygosity rate by checking the count of heterozygous variants in these
gaps. These gaps collectively span 1.26 million bases on GRCh38
genome reference when all the four diploid datasets are considered
together. However, Dipcall (Li et al. 2018) reported only 83 hetero-
zygous variants. This rate is an order of magnitude lower relative to
the whole-genome average heterozygosity rate 0.1% in HG002 gen-
ome. This observation confirms our expectation that the coverage
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Coverage-preserving sparsification of overlap graphs

Table 3. Performance comparison of ContainX with four other
methods.?

Dataset Method Retained  Junction Coverage
contained  reads gaps
reads
DIPLOID-30x-ONT-1 Retain-all 2.8M 2.5M 0
Hui-2016 2.5M 2.3M 0
ContainX 28.5K 53.9K 2
Hifiasm 4.0K 1.7K 33
Remove-all 0 38.9K 46
DIPLOID-30x-ONT-2 Retain-all 2.8M 2.5M 0
Hui-2016 2.5M 2.3M 0
ContainX 28.4K 53.8K 5
Hifiasm 3.7K 1.7K 39
Remove-all 0 38.5K 54
DIPLOID-30x-HiFi-1  Retain-all 2.5M 3.4M 0
Hui-2016 2.5M 3.3M 0
ContainX 39.8K 184.1K 0
Hifiasm 164 36.9K 0
Remove-all 0 158.4K 1
DIPLOID-30x-HiFi-2  Retain-all 2.5M 3.4M 0
Hui-2016 2.5M 3.3M 0
ContainX 39.9K 184.6K 0
Hifiasm 149 37.2K 1
Remove-all 0 158.5K 1

2Symbol “K” means thousand and “M” means million.

gaps in a diploid genome are more likely to happen in the regions
with low heterozygosity.

6.3 Evaluation of the proposed sparsification algorithm
Benchmarking procedure

We evaluated the performance of our proof-of-concept implementa-
tion ContainX that determines a subset of contained reads to be
retained. We tested ContainX using the diploid datasets. We checked
the performance by observing the following two parameters: (i) count
of coverage gaps, and (ii) count of “junction” reads, i.e. the reads
which correspond to vertices having either > 1 incoming or > 1 out-
going edges in the graph. Retaining more contained reads implies that
their corresponding vertices and edges are retained in the graph. This
may result in more number of junction reads which can further result
in shorter unitigs. It is important to look at the two parameters simul-
taneously because the first parameter can be optimized by retaining
all contained reads whereas the second parameter can be optimized
by removing all contained reads. An ideal solution should optimize
both by doing a careful selection of contained reads. To measure the
first parameter, we used minimap2 to compute end-to-end 100%
identical read alignments of the retained contained reads against the
two haplotypes. We checked if these alignments closed the coverage
gaps that were previously caused by discarding all contained reads.

Competing methods

We compared ContainX with four other methods. The first method,
called as Retain-all, simply retains all contained reads. The second
method, called as Remove-all, discards all contained reads. The
third method is from Hui et al. (2016). It removes a contained read r
if two of its parent reads are inconsistent. Two parent reads are said
to be inconsistent if, when aligned with respect to read r, they dis-
agree at some base. We also included Hifiasm in our benchmark.
Unlike previous methods which stop at graph construction, Hifiasm
is a full-fledged genome assembler that incorporates multiple heuris-
tics (e.g. tip removal, bubble popping etc.) for graph sparsification.
Hifiasm builds its initial overlap graph without using contained
reads. It uses a heuristic to recall a few selected contained reads

which can connect ends of two unitigs. Even though Hifiasm is spe-
cifically designed for HiFi reads, we tested it on ONT datasets as
well because of error-free read simulation.

Results

In all four datasets, Retain-all method retained the highest number
of contained reads as expected (Table 3). It resolved all coverage
gaps, but the corresponding graph has significantly higher number of
junction reads compared to Remove-all. Next, Hui-2016 filtering
method appears to be conservative, i.e. it typically ends up retaining
a majority of contained reads. In several cases, the contained read
may have parent reads which agree at all bases (e.g. when they come
from a homozygous region of the genome). There may also be cases
when there is only a single parent read available. In all such scen-
arios, Hui-2016 heuristic will choose to retain the contained reads.
This heuristic resolved all the coverage gaps. Remove-all method has
the fewest junction reads among the four methods but has the highest
number of unresolved coverage gaps as expected.

ContainX delivered favorable performance compared to the three
methods. Using both datasets, ContainX retained 1-2% contained
reads compared to Retain-all, yet it successfully resolved majority of
the coverage gaps. ContainX resulted in only 2-5% junction reads
when compared to Retain-all. This suggests that ContainX heuristics
are promising in terms of improving assembly quality by avoiding
coverage gaps. The count of false positives, i.e. the count of redun-
dant contained reads retained by ContainX, is still notable. Most of
these false positives correspond to contained reads that are sampled
from long near-identical repetitive regions (Supplementary Fig. S2).
This is a limitation of our k-mer-based filtering heuristic (Section 5.3)
because it may retain redundant contained reads if it finds neighbor-
ing vertices that correspond to paralogous sequences during graph
traversal. It is unclear whether it is possible to remove such contained
reads with a provably-good graph-theoretic strategy. In some other
cases, a redundant contained read may be retained if it has suffix-
prefix overlaps with reads from both haplotypes while its parent reads
correspond to a single haplotype. Finally, Hifiasm retained fewer con-
tained reads than ContainX but it failed to resolve a majority of
coverage gaps. This suggests that there is further scope to improve
Hifiasm algorithm. The unitig graph of Hifiasm has the least number
of junction reads because it does additional graph pruning which is
necessary for computing longer unitigs. Incorporating ContainX heu-
ristics inside Hifiasm code can be an interesting direction to explore.

The proposed graph sparsification algorithms implemented in
ContainX are easy-to-implement, fast and space-efficient. The k-
mer-based heuristic (Section 5.3) is parallelized by considering each
contained read independently. The time required for this step on a
multicore AMD processor is about ten minutes. Our other heuristic
that detects heterozygous variants by using MSA of overlapping
reads (Section 5.2) can be assumed to incur no additional time be-
cause this step is a default requirement in overlap-graph-based gen-
ome assemblers. In summary, the time needed by the proposed
heuristics is insignificant compared to the main time-consuming step
of computing all-versus-all read alignments in long-read assemblers.

7 Discussion

This work formalized the coverage-preserving property in assembly
graph models. Development of provably-good graph models will
help automate the computation of high-quality haplotype-resolved
assemblies of personal human genomes (Jarvis et al. 2022). We
showed a rigorous analysis of de Bruijn graph, overlap graph and
string graph assembly models. We concluded that de Bruijn graph
and overlap graph models offer the guarantee, but string graph
model lacks this guarantee. This limitation of the string graph model
can lead to fragmented assembly in practice (Feng et al. 2022; Nurk
et al. 2022). Several graph sparsification heuristics, such as removal
of contained reads, may be deemed safe at first due to a false intu-
ition, e.g. it may appear that contained reads lack useful information
for assembly. We have shown that contained reads should be
assessed carefully to avoid suboptimal genome assembly. It may be

€20z Iudy €| uo Jasn ninjeBuag ‘©ousIoS JO NYsU| UelpU| ‘Aleiqr [eows| eyel Ayl Ad . L¥20.2/42 ) PEIG/S/GE/I0IHE/SOIBWLIOIOIG/WOD dNO"dIWSPEOR)/:SARY WOy POPECIUMO]


https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btad124#supplementary-data

Jain

possible that an optimally constructed sparse overlap graph is more
tangled than a string graph, however, further graph simplification
can be achieved with known techniques, e.g. aligning complemen-
tary sequencing data to the graph (Garg et al. 2018; Cheng et al.
2022; Rautiainen et al. 2023).

We quantified the count of coverage gaps in a real haploid and
diploid genome assembly, respectively, through our experiments
done using simulated long reads. Based on these observations, we
expect coverage gaps to occur even more frequently in polyploid
genomes and metagenomes. These results are expected to inspire
further research to develop alternative models and sparsification
procedures for assembly graphs. We conducted our experiments by
using error-free long reads to quantify the coverage gaps. If real data
is considered, one would need to preprocess reads to correct errors
by computing consensus among the overlapping reads (Cheng et al.
2021; Bankevich et al. 2022), but error-correction methods are not
necessarily perfect. Our analysis with error-free reads is useful to ex-
plicitly evaluate the graph sparsification algorithms. When errors
are considered, additional coverage gaps may occur due to incorrect
bases in the error-corrected reads (Fu et al. 2019; Zhang et al.
2020). Depending on the error-rate in the corrected reads, one
would also need to adjust the definition of a contained read as a sub-
string of another read while allowing a bounded number of edits
(Myers 2005). This relaxation can lead to a more aggressive sparsifi-
cation in string graphs, and therefore, more coverage gaps.

We implemented novel heuristics for assessing contained reads in
ContainX that were motivated from our safe graph sparsification
policies. We compared ContainX to heuristics from Hifiasm, Hui
et al. (2016) and two other extreme policies that remove and retain
all the contained reads respectively. None of these methods is able
to simultaneously eliminate all gaps and all the redundant contained
reads. ContainX provides favorable performance by eliminating
most of the redundant contained reads and resolving majority of the
coverage gaps. Our future work will explore integration of
ContainX heuristics in long-read assemblers. Extending the pro-
posed heuristics to erroneous reads should not be challenging. For
example, one can still detect haplotype-specific contained reads by
considering MSA of overlapping reads and ignoring variants that
are not supported by sufficient number of reads (Cheng et al. 2021).
Similarly, the proposed k-mer-based filtering heuristic would be ap-
plicable if low-frequency k-mers are ignored.

Supplementary data

Supplementary data is available at Bioinformatics online.

Acknowledgements

We thank Haowen Zhang, Mile Sikic, Robert Vaser, and Sudhanva Kamath
for useful feedback. Haowen suggested the use of hifiasm code for one of the
proposed heuristics. We thank Haoyu Cheng for helping us to modify hifiasm
code. Brian Walenz helped to resolve an issue in Seqrequester code for long-
read simulation. We also thank Sergey Nurk for highlighting this research
problem during team discussions as part of the Telomere-to-Telomere
consortium.

Funding

This research is supported in part by funding from the Indian Institute of
Science and allocation of U.S. National Energy Research Scientific
Computing Center (NERSC) computing resources.

Conflict of interest: None declared.

References

Bankevich, A., Bzikadze, A.V., Kolmogorov, M. Multiplex de bruijn graphs
enable genome assembly from long, high-fidelity reads. Nat Biotechnol
2022;40:1075-81.

Cheng, H., Concepcion, G.T., Feng, X. et al. Haplotype-resolved de novo as-
sembly using phased assembly graphs with hifiasm. Nat Methods 2021;18:
170-5.

Cheng H, Jarvis ED, Fedrigo O et al. Haplotype-resolved assembly of diploid
genomes without parental data. Nat Biotechnol 2022;40:1332-5.

Chikhi R, Rizk G. Space-efficient and exact de bruijn graph representation
based on a bloom filter. Algorithms Mol Biol 2013;8:1-9.

Feng X, Cheng H, Portik D et al. Metagenome assembly of high-fidelity long
reads with hifiasm-meta. Nat Methods 2022;19:671-4.

Fu S, Wang A, Au KF et al. A comparative evaluation of hybrid error correc-
tion methods for error-prone long reads. Genome Biol 2019;20:1-17.

Garg S, Rautiainen M, Novak AM et al. A graph-based approach to diploid
genome assembly. Bioinformatics 2018;34:1105-4.

Hui ] et al. Overlap-based genome assembly from variable-length reads. In
2016 IEEE International Symposium on Information Theory (ISIT),
Barcelona, Spain. IEEE, 2016, pp. 1018-1022.

Idury RM, Waterman MS. A new algorithm for DNA sequence assembly. |
Comput Biol 1995;2:291-306.

Jarvis ED, Formenti G, Rhie A et al; Human Pangenome Reference
Consortium. Semi-automated assembly of high-quality diploid human refer-
ence genomes. Nature 2022;611:519-31.

Lander ES, Waterman MS. Genomic mapping by fingerprinting random
clones: a mathematical analysis. Genomics 1988;2:231-9.

Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics
2018;34:3094-100.

Li H, Bloom JM, Farjoun Y et al. A synthetic-diploid benchmark for accurate
variant-calling evaluation. Nat Methods 2018;15:595-7.

Liao W-W ef al. A draft human pangenome reference. bioRxiv 2022, preprint:
not peer reviewed. https://doi.org/10.1101/2022.07.09.499321.

Medvedev P, Pop M. What do Eulerian and Hamiltonian cycles have to do
with genome assembly? PLoS Comput Biol 2021;17:¢1008928.

Miller JR, Delcher AL, Koren S et al. Aggressive assembly of pyrosequencing
reads with mates. Bioinformatics 2008;24:2818-24.

Myers EW. Toward simplifying and accurately formulating fragment assem-
bly. ] Comput Biol 1995;2:275-90.

Myers EW. The fragment assembly string graph. Bioinformatics 20035;
21(Suppl_2):ii79-85.

Nurk S, Koren S, Rhie A et al. The complete sequence of a human genome.
Science 2022;376:44-53.

Quinlan AR, Hall IM. Bedtools: a flexible suite of utilities for comparing gen-
omic features. Bioinformatics 2010;26:841-2.

Rautiainen, M., Nurk, S., Walenz, B.P. et al. Telomere-to-telomere assembly
of diploid chromosomes with verkko. Nat Biotechnol 2023;1-9. https://doi.
org/10.1038/s41587-023-01662-6

Sereika M, Kirkegaard RH, Karst SM et al. Oxford nanopore R10.4 long-read
sequencing enables the generation of near-finished bacterial genomes from
pure cultures and metagenomes without short-read or reference polishing.
Nat Methods 2022;19:823-6.

Shomorony I, Kim SH, Courtade TA et al. Information-optimal genome as-
sembly via sparse read-overlap graphs. Bioinformatics 2016;32:1494-502.
Tomescu AL, Medvedev P. Safe and complete contig assembly through omni-

tigs. | Comput Biol 2017;24:590-602.

Wenger AM, Peluso P, Rowell W] et al. Accurate circular consensus long-read
sequencing improves variant detection and assembly of a human genome.
Nat Biotechnol 2019;37:1155-62.

Zhang H, Jain C, Aluru S et al. A comprehensive evaluation of long read error
correction methods. BMC Genomics 2020;21:1-15.

€20z Iudy €| uo Jasn ninjeBuag ‘©ousIoS JO NYsU| UelpU| ‘Aleiqr [eows| eyel Ayl Ad . L¥20.2/42 ) PEIG/S/GE/I0IHE/SOIBWLIOIOIG/WOD dNO"dIWSPEOR)/:SARY WOy POPECIUMO]


https://academic.oup.com/bioinformatics/article-lookup/doi/10.1093/bioinformatics/btad124#supplementary-data
https://doi.org/10.1101/2022.07.09.499321
https://doi.org/10.1038/s41587-023-01662-6
https://doi.org/10.1038/s41587-023-01662-6

	tblfn1
	tblfn2

