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Table 4. Nearest genes to NAHR breakends

Gene 3D7 ortholog Encodes Function
PF3D7_0100100 — PfEMP1 Immune evasion
PF3D7_0223500 — PfEMP1 Immune evasion
PF3D7_0700100 — PfEMP1 Immune evasion
PF3D7_1100100 — PfEMP1 Immune evasion
PF7G8_010005000 Unknown Hypothetical protein, conserved Unknown
PF803_070005000 PF3D7_0100700 PFEMP1 immune evasion
PFGB4_010005200 Unknown Hypothetical protein, conserved Unknown
PFGB4_030005000 Unknown Hypothetical protein, conserved Unknown

PFGB4_050039900
PFGB4_080041200
PFGB4_110005000
PFGB4_120005100

PF3D7_0700200
PF3D7_0100100
PF3D7_0223500
Unknown

RIF

PfEMP1

PfEMP1

Hypothetical protein, conserved

Variant surface antigen
Immune evasion
Immune evasion
Unknown

Discussion

We have presented a graph-based DNM calling method,
available through our software Corticall, that is capable of dis-
covering simple and complex variants in pedigrees and experi-
mental crosses without bias toward a reference sequence. Our
approach leverages long-haplotype data derived from any source
(existing finished genomes, draft assemblies from third-genera-
tion sequencing, targeted sequencing of specific loci, etc.) to
improve the assemblies of other short-read data sets. These
long-haplotype samples need not be from the same sample.
Short-read data are used to establish graph topology, whereas
long-haplotype data are aligned to the graph but constrained
to specify connectivity information only. Sequencing errors
(and possibly mutations) are always adjudicated in favor of the
existing graph; thus, no new sequence is added, only navigation
information. This approach opens the opportunity for multiple
long-read data sets to be used to improve the connectivity of
many more short-read assemblies.

Corticall can leverage many finished or draft reference-qual-
ity data sets, seamlessly transitioning between connectivity infor-
mation sets during assembly. This affords a powerful approach to
the hypothesis-free study of DNMs. As many of these events oc-
cur in repetitive or genetically diverse regions of the genome, the
use of multiple reference sequences during assembly helps to pro-
vide access to so-called genomic “dark matter,” loci underserved
by pure short-read de novo assembly or a single canonical
reference.

Corticall assembles variants, not genomes, and keeps false-
discovery rates low by only inspecting regions of the genome har-
boring novel k-mers. By combining local, multisample assembly
with a simultaneous alignment/recombination model, we are
able to detect a wide variety of mutational types with a single,
consistent framework. Additionally, tracking the number of novel
k-mers explained by each variant call provides a useful metric for
determining the completeness of the final callset.

In the P. falciparum crosses, we detected SNV at rates broadly
consistent with previous work, as well as indels at more than four
times the SNV rate. We detected new NAHR events, all in subtelo-
meric regions of the genome that are not represented in the canon-
ical reference. For previously discovered NAHR events, we are able
to find additional breakends in nearby noncoding regions, estab-
lishing a more complete picture of nonallelic recombination
behaviorin these pathogens. Much of the de novo mutational spec-
trum appears in noncore regions. These compartments are diverse
in the population precisely because they typically harbor clinically

relevant genes underlying drug resistance or immune escape func-
tionality. The mapping-free, reference-agnostic approach espoused
by Corticall thus enables the detection of this clinically relevant
variation and removes the requirement for determining the appro-
priate genome reference for mapping and analysis.

The fixed record size structure of Cortex graphs used with
Corticall enables storage in an ordered, randomly accessible man-
ner, thus keeping memory requirements low as the entire graph
need not be loaded into memory in order to be inspected.
Predetermining the novel k-mers to inspect, along with intelligent
caching to prevent redundant lookups when assembling multiple
samples over shared k-mers, reduces disk accesses. As a result,
Corticall is able to scale to genomes of any size. This may provide
a valuable approach to the study of Mendelian disease in large ped-
igrees or tumor/normal pairs (wherein the normal can be consid-
ered as the parent of the tumor samples).

Corticall has several limitations, addressable by future work.
Although Corticall need not load an entire graph into memory
to perform variant calling, the genome assembly software upon
which it relies does require that the entire graph be stored in
RAM as it is being constructed. Thus, even though the variant call-
ing step on human data can be performed in as little as 1 GB of
RAM, the initial de novo assembly step still requires hundreds of
gigabytes of memory to execute. Recent approaches to streaming
graph construction (Rozov et al. 2018) and/or succinct dBGs
(Conway and Bromage 2011; Muggli et al. 2017) may well address
this limitation.

Additionally, our use of long-haplotype data is restricted to se-
quences that have been substantially error-corrected. Typically,
k-mer sizes used in dBG-based short-read assemblies (e.g., k=31-
96) are still too high for the long, error-prone reads generated by
third-generation sequencers. However, lowering the k-mer size of
the short-read assemblies to a length more likely to result in a per-
fect match on the long-read data (e.g., k=11) would result in too
many junctions from homologous sequences in the graph. Our
current approach to error-correcting long reads against the graph
requires that the path through the existing graph contain no junc-
tions, and would thus be impaired by setting the k-mer size too
low. A more computationally expensive read-to-graph alignment
procedure could remedy this limitation.

Finally, the generalizability of Corticall to more mutational
types and diploid/polyploid organisms can be improved in the fu-
ture by expanding our signals for putative variation beyond novel
k-mers. Novel k-mers restrict our search for putative variation but
may limit our sensitivity to some classes of variation. Large copy
number variants, inversions, and mobile element insertions
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Figure 6. Three of the detected NAHR events in the P. falciparum crosses. (A) NAHR event involving two var genes in 3D7xHB3 progeny X5
(PF3D7_0100100 on Chr 1, PF3D7_0223500 on Chr 2). (Top) LdBG contigs spanning mutation (dBG contig shown as thin black line for comparison).
Called mutations shown along contig as red points. (Bottom) Mutations from LdBG contigs in genomic context shown in red. Gene models shown in
dark blue (thick lines: exonic sequence; thin lines: intronic sequence). Inferred recombination path shown in gray. (B) NAHR event in 803xGB4 sample
38G5 (PFGB4_080041200 on Chr 8; PFGB4_11005100 and PFGB4_11005000 on Chr 11). (C) NAHR event in 3D7xHB3 sample XP24

(PF3D7_0700100 on Chr 7 and PF3D7_1100100 on Chr 11).

typically rearrange or reorient existing sequences in the genome
and thus may not always give rise to novel k-mers. Instead, their
presence would be signaled by changes in coverage (Nijkamp
et al. 2012) and/or patterns of graph connectivity (Lemaitre et al.
2014), which can be found by appropriate comparison between
coassembled samples. Future work should capture these variant
types by additionally considering k-mer coverage and graph motifs.

With the introduction of the high-yield PacBio Sequel II plat-
form with circular consensus (or “HiFi”) sequencing, as well as con-
tinued innovation in base-calling by Oxford Nanopore to lower the
per-read error rate, the construction of additional draft reference ge-
nomes is becoming more accessible. The utility of these data ex-
tends beyond pure de novo assembly for constructing new
reference sequences or for elucidating structural variation in single
samples. Strategic choices as to which samples to sequence with

long reads can enable simple and complex variant discovery in a
much larger cohort while simultaneously keeping costs low pro-
vided that variant calling methods are capable of leveraging such
information. Corticall is a step forward in this direction, presenting
auniform approach to variant discovery and typing that combines
assembly, alignment, recombination models, and third-generation
reference sequence panels. Such approaches will assist in over-
coming bias to a single canonical reference sequence and enable
a more complete description of variation in diverse populations.

Methods
Assembly of long-read data

We performed PacBio RSII sequencing to ~100x coverage (per ven-
dor recommendation) on DNA from the six experimental cross
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Figure7. Callstagged by 36F11 k-mers novel with respect to 3D7, rede-
scribed against combinations of other reference sequences. Stacked bars
represent fraction of novel k-mers linked to homozygous-reference
(hom-ref) and homozygous-variant (hom-var) calls or of k-mers where
no call could be made. Colors represent the specific haplotypic back-
ground the call was placed on (if a call can be equally described on multiple
backgrounds, one is chosen at random).

parents (3D7, HB3, DD2, 7G8, GB4, 803) and a single progeny
clone from the 803xGB4 cross, 36F11. We performed de novo as-
sembly on each isolate using HGAP2/HGAP3; removed potential
sequence contaminants; performed pseudochromosome contigu-
ation (to facilitate easy comparison with the canonical reference
sequence for isolate 3D7), and annotate gene, repeat, and core/
noncore genome compartments. Further details of sample prepa-
ration, sequencing, assembly, annotation, quality assessment,
and download links are provided in the Supplemental Material.

Assembly of short-read data

We analyzed data from 119 individual isolates from four P. falcip-
arum experimental crosses collected and sequenced in the
MalariaGen Genetic Crosses project (https:/www.malariagen
.net/projects/p-falciparum-genetic-crosses). Isolates were se-
quenced using the Illumina GAII or HiSeq platforms to obtain PE
reads ranging from 76 to 100 bp with a target coverage of >100x.
We performed de novo assembly on each isolate using the
McCortex (Turner et al. 2018) assembler, using the aforemen-
tioned long-read assemblies to augment the connectivity of each
short-read genome graph. Further details of sample preparation,
sequencing, assembly, and download links are provided in the
Supplemental Material.

Overview of the Corticall algorithm

Our DNM calling strategy is based on identifying mutational mo-
tifs in a “multicolor LABG” (Igbal et al. 2012; Turner et al. 2018).
This can be decomposed into three steps. First, we construct
LdBGs from short-read and long-haplotype data sets. Second, for
each so-called “novel” k-mer (those unique to a child and absent
from its parents), we assemble a child contig and one or more pa-
rental contigs containing k-mers shared with the child contig.

Finally, we perform probabilistic all-to-all alignment allowing for
recombination, attempting to describe the child’s sequence as a se-
ries of match, insertion, deletion, and recombination operations
on a panel of candidate parental sequences. Decoding the trace-
back of the probabilistic alignment yields variant calls. Details
on each step are provided below.

Construction of the LdBG

Briefly, a dBG for sample c is formulated as a set of vertices and edg-
es, G, = {Vc, Ec}. Vertices Vc are input sequences are broken into
fixed length substrings of length k (“k-mers”) with unit stride,
and edges £c encode k — 1 overlaps of adjacent vertices. Each record
isrecorded as three columns: a k-mer sequence, its coverage, and its
incoming/outgoing edges. N sample graphs constructed at identi-
cal k can be “stacked” by performing a full (outer) join on k-mer se-
quences, each sample ¢’s coverage and edge information simply
being recorded as two additional columns in each k-mer record.
Stacking facilitates easy comparison of the graphs of N samples
and formally yields a union graph G = U?’Zl G.. This formulation
encodes relationships between two adjacent k-mers (the ith and
(i+1)-th k-mers in a sequence, as well as the (i—1)th and ith),
but relationships between nonadjacent k-mers are lost. Thus,
even if an input sequence spans a repeat when a single k-mer
does not, the connectivity information inherent in the sequence
is not retained. We restore this connectivity by trivially aligning
input sequences R4 from data set d to graph G¢. The addition of
new vertices to the graph during alignment is disallowed; the pro-
cess merely amounts to lookups of shared k-mers between the in-
put sequence and the graph and to bridging gaps over sequence
differences with simple walks on G. For all junctions (vertices
with in-degree or out-degree greater than one) spanned by an in-
put sequence, we record the series of disambiguating edge choices
(referred to as “links”), exhaustively annotating all participating
junctions with relevant navigation information. We refer to
this composite data structure (graph and links) as a LdBG,
G=1v, &, UL, Ec,d}, where L4 is a sparse set of links on graph
color ¢ derived from séquence data set d.

Using links during LdABG navigation

By exhaustively annotating all spanned junctions with links, we
ensure that traversal initiated anywhere in the graph has access
to complete link information. Upon initiating a walk at vertex
ve, we collect each link we encounter. At a junction, we consult
our list and extract the oldest link (i.e., the link that was obtained
earliest in the traversal), as this link establishes the greatest context
as to location in the genome. If there are multiple links with the
same age that disagree as to the next junction choice, we halt
traversal.

Identification and filtration of novel kmers

In a multicolor dBG representing parents and children from a ped-
igree or an experimental cross, the locations of most DNMs will be
signaled by the presence of novel k-mers: sequences unique to a
child’s genome and absent from both parental genomes. The set
of novel k-mers in a child should also provide an indication as to
how much novelty in a genome remains to be explained by
some mutational process. As sequencing errors and sample con-
tamination will also contribute to the set of novel k-mers, we
sought to identify all novel k-mers in a child’s graph and remove
potential errors and contaminants. We identified and developed
filters for five common graph or sequence motifs indicative of
€ITOTI:
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1. Contamination. Contamination presents as a subset of novel
k-mers that are unique to the sequencing data for a child but are
irrelevant to the study at hand. To remove these sequences,
each entry in the initial set of putative novel k-mers was
screened for contamination via BLAST (Altschul et al. 1990).
We rejected any k-mer with a match of any quality to an organ-
ism other than the species under study. To account for muta-
tions present in our contaminants but absent in the BLAST
database, we used the contaminating k-mers as starting points
for DFSs in our graphs, exploring the child’s graph until it re-
joins a parent’s graph and rejecting all k-mers along the way.

2. Graph tips. Graph tips present as a series of novel k-mers that
bifurcate from a parental graph but never rejoin. They are typi-
cally the result of sequencing errors at the ends of reads but
could also reflect true variation and subsequent coverage
drop-out during sequencing. However, in the latter case, such
variation tagged by novel k-mers would still not be recoverable
without further sequencing data to fill in the missing coverage.
To remove graph tips, we perform DFS from a putative novel
k-mer, expecting to rejoin a parental graph on both ends. If ex-
ploration on one end connects to a parent and fails on the other
end, we reject all child k-mers contained in the traversal.

3. Promiscuously connected sequences. Low-complexity se-
quence (or “dust”) may manifest as k-mers promiscuously con-
nected to many other low-complexity k-mers, presenting as an
unnavigable graphical tangle. We defined such dust k-mers as
those having a sum of in-degrees and out-degrees greater than
four. We initiated DFS at such k-mers, exploring until we either
run out of edges to navigate or rejoin a parental graph and keep-
ing track of the number of k-mers traversed since the last time
we observed one of low complexity. If we reach one of the afore-
mentioned stopping conditions and the distance traversed
since the last low-complexity k-mer is less than the graph’s k-
mer size, we consider the traversed vertices to be dust and reject
all elements.

4. Highly compressible sequence. Additional low-complexity
sequences are detected by computing the compression ratio
(“CR”) of the k-mer (gzip-compressed length vs. uncompressed
length) and removing any putative novel k-mer with a CR less
than a predefined threshold (by default 0.703 for 47-bp k-mers).

5. Orphans. Graphical orphans are a series of novel k-mers that
fail to ever connect to a parental graph. They may include con-
taminants absent from the BLAST database or reads with unusu-
ally high sequencing error. We performed DFS at putative novel
k-mers, rejecting k-mers from traversals that joined one of the
parental colors at any time.

We also removed putative novel k-mers from consideration
based on two additional criteria:

1. Shared k-mers. Putative novel k-mers, although absent from
parents, may be shared among children. Some of these may re-
flect recurrent DNMs, but the overwhelming majority stem
from recurrent sequencing errors. We remove k-mers shared
with other children (omitting clones of a child from
consideration).

2. Low coverage. A number of putative novel k-mers substan-
tially less than the mean coverage of the sample. Such k-mers
may still permit navigation to flanking regions with coordi-
nates in a parental genome, despite arising from sequencing er-
ror. We remove k-mers with coverage less than a specified value
(by default, 6x).

The bulk of sequences captured by these final two filters are
likely to be recurrent sequencing error. However, we note that

they could also remove a small number of DNMs from our
consideration.

Query sequence assembly

To construct sequences spanning putative variants, we perform
contig assembly at each novel k-mer on the query sample (e.g.,
the child). Unless otherwise specified, these assemblies are con-
ducted using McCortex links generated by threading the sample’s
PE read data and the parental assembly data through the query
sample’s graph (Turner et al. 2018). Optionally during graph tra-
versal, if we encounter a junction vertex that (1) is itself a novel
k-mer and (2) cannot be traversed with links and if (3) one (and
only one) of the outgoing vertices is also a novel k-mer, then we as-
sume both novel k-mers are part of the same mutational event and
extend contig construction through these vertices. As assemblies
seeded by proximate novel k-mers may result in redundant con-
tigs, we postprocess the contig set to remove redundant sequences
and those fully contained by other contigs. Finally, if multiple con-
tigs share a novel k-mer, we remove all but the contig that contains
the largest number of novel k-mers. This effectively “partitions”
the contig set into those representing distinct mutational events.

Source sequence assembly

For each query sequence, we build a panel of source sequences to
which the query is aligned. At each nonnovel k-mer in the query
sequence, we perform contig assembly on the source samples
(e.g., the parents). Unless otherwise specified, these assemblies
are conducted using McCortex links generated by threading the
sample’s PE read data and the parental assembly data through
the child’s graph. During assembly, gaps at the boundaries of mu-
tational events in the query sample may be incompletely assem-
bled owing to sequencing error or graph homology. We close
these gaps via DFS between gap boundaries. If still not closed, we
assemble gap flanks by a maximum of 500 bp. Flanking sequence
irrelevant to the query is trimmed by subsetting the source within
the boundaries of the earliest and latest k-mers shared with the
query sequence.

Each source sequence is given a unique label, simply incre-
menting from first to last. If a reference sequence is specified for
the relevant sample in the LdBG, the source sequence is aligned
to that reference using BWA-MEM and relabeled with the resulting
genomic coordinates. Note that the relabeling step does not alter
the source sequence in any way.

Variant typing by simultaneous alignment to reference
genome panels

Two general classes of graphical variant motifs concern us: “bub-
bles” (SNVs, short indels and inversions, multinucleotide poly-
morphisms) and “breakends” (large indels and inversions,
NAHRs, gene conversions, and allelic recombinations). We address
both classes of variants in a single probabilistic framework wherein
a novel k-mer-spanning contig (“query” sequence) is simultane-
ously aligned to a panel of candidate haplotypes (“source” se-
quences). We achieve this by repurposing the Tesserae model
(Supplemental Material; Zilversmit et al. 2013), a pair-HMM com-
bining models for global alignment with affine gap penalty (de-
scribed by Durbin 1998) and haplotype diversity estimation via
recombination (Li and Stephens 2003), to the task of bubble and
breakpoint variant typing. Briefly, we assume a query sequence
arises as an imperfect mosaic of source sequences. For each query
and its candidate source sequences (collectively referred to as the
“sequence set,” h), we apply the Viterbi algorithm to find the max-
imum likelihood path through our pair-HMM.
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The model (including formal descriptions of the Viterbi, for-
ward, and backward algorithms) is fully specified by Zilversmit
et al. (2013). The pair-HMM is specified by a transition matrix
and emission matrix, detailed in the Supplemental Material.

Data access

The GB4, 803, and 36F11 PacBio sequencing generated in this
study have been submitted to the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession
number PRJEB31043.

Source code and a precompiled release of Corticall is provided
as Supplemental Code and is freely available at GitHub (https
://github.com/mcveanlab/Corticall). This software is released un-
der the open-source Apache 2.0 license.
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