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Abstract. Many genomes display high levels of heterozygosity (i.e. pres-
ence of different alleles at the same loci in homologous chromosomes),
being those of hybrid organisms an extreme such case. The assembly of
highly heterozygous genomes from short sequencing reads is a challeng-
ing task because it is difficult to accurately recover the different hap-
lotypes. When confronted with highly heterozygous genomes, the stan-
dard assembly process tends to collapse homozygous regions and reports
heterozygous regions in alternative contigs. The boundaries between ho-
mozygous and heterozygous regions result in multiple paths that are
hard to resolve, which leads to highly fragmented assemblies with a to-
tal size larger than expected. This, in turn, causes numerous problems
in downstream analyses i.e. fragmented gene models, wrong gene copy
number, broken synteny. To circumvent these caveats we have devel-
oped a pipeline that specifically deals with the assembly of heterozygous
genomes by introducing a step to recognise and selectively remove al-
ternative heterozygous contigs. We tested our pipeline on simulated and
naturally-occurring heterozygous genomes and compared its accuracy to
other existing tools.

Keywords: heterozygous, genome, assembly, hybrid, polymorphism, scaf-
folding

1 Introduction

The assembly of genomes from short sequencing reads is a complex computa-
tional problem. Numerous genome assemblers have been developed to address
this task (Bankevich et al., 2012; Luo et al., 2012; Simpson et al., 2009; Zerbino
et al., 2009). Typically, when there is some heterogeneity in the sequence (e.g.
non haploid organisms, population of cells, etc), a single reference sequence is
recovered. In the particular case of non-haploid organisms that are highly poly-
morphic, the standard genome assemblers produce fragmented assemblies with
a total size larger than expected (Pryszcz et al., 2014; Small et al., 2007). This is
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because short reads are generally not sufficient to accurately recover the different
haplotypes in heterozygous regions, which are reported as alternative contigs. In
contrast homozygous (or low heterozygosity) regions from the two homeologous
chromosomes are collapsed into a single contig. The boundaries between these
two types of contigs cannot be resolved by a unique path and, therefore left
unlinked. The final result is typically an assembly that is highly fragmented and
contains redundant contigs (i.e. same region in homeologous chromosomes). Such
assemblies mislead downstream analyses, from gene prediction (i.e. fragmented
gene models, apparent paralogs) to comparative genome analysis (i.e. apparent
duplicated blocks, synteny breaks).

Because heterozygous contigs represent the sequence of each haploid genome
and homozygous contigs represent a consensus between two or more haploid
genomes, these two categories of contigs can be recognised by differences in
their depth-of-coverage (i.e. the number of sequencing reads that align to a
given position). That is, when the reads are aligned back to the assembly, the
consensus, homozygous contigs will have a higher number of reads aligned per
a given length interval than haploid, heterozygous contigs (roughly double, for
diploid organisms). We took advantage of this fact to design a novel assembly
strategy that is able to cope with highly heterozygous genomes. In brief our
approach consists of three main steps: i) detection and selectively removal of
redundant contigs from an initial standard assembly, ii) scaffolding of such non-
redundant assembly using paired-end, mate-pair and/or fosmid-based reads, and
iii) gap closing. Our strategy (and pipeline) is flexible and can be implemented
on top of several software tools for the assembly, mapping, scaffolding, and gap
closing steps. We have applied our methodology to both, real and simulated data
sets, in order to evaluate its efficacy and accuracy.

2 Results and discussion

2.1 Rationale and design

In the course of our past and ongoing research in genomics we have often encoun-
tered difficulties in producing high quality assemblies for highly heterozygous
genomes. This problem is shared by many other colleagues, given the abun-
dance in nature of highly heterozygous species, including hybrid species. For
instance, in fungi, the number of reported hybrids has increased in the last
years, of which many have been discovered in the process of genome sequencing
(Morales and Dujon, 2012). The assemblies of genomes from these highly het-
erozygous species are highly fragmented, which complicates downstream analy-
ses. For instance the genome assemblies of recognized hybrids such as Dekkera
bruxellensis LAMAP2480 (AZMW01) or Wickerhamomyces anomalus NRRL
Y-366 (AEGI01), are highly fragmented (9,167 contigs, and 3,133 scaffolds, re-
spectively) and larger (26.9 Mb and 26.2 Mb, respectively) than those of closely
related homozygous species i.e. D. bruxellensis AWRI1499 is 12.6 Mb in 324 con-
tigs (AHIQ01) and Wickerhamomyces ciferrii is 15.9 Mb in 364 contigs (Supple-
mentary table S1). In the framework of the sequencing project of a hybrid strain
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from the emerging pathogen Candida orthopsilosis MCO456 (Pryszcz et al.,
2014), we obtained similar low quality initial assemblies. To solve this we de-
vised an ad-hoc strategy to recognize and selectively remove one of the two
haploid contigs from heterozygous regions. Subsequent scaffolding and gap clos-
ing steps yielded a high quality genome reducing from 5,577 to 116 contigs and
14.4 Mb size to 13.2 Mb.

Here we describe the procedure in more detail and present a programmatic
environment to facilitate its application. Although we have chosen a specific set
of available tools to perform each step of the pipeline, it must be noted that the
strategy itself is flexible and modular and can be implemented on top of different
tools. In brief (see Materials and Methods for more details), our pipeline is similar
to the standard de novo assembly methodology (Figure 1 A): overlapping reads
are assembled into contigs (a), contigs are subsequently joined into supercontigs
using information from paired-end reads (d) and finally the remaining gaps are
closed again utilising paired-end reads (e). We recognised that the standard de
novo assembly tools fail at the scaffolding step, as in the case of heterozygous
genomes there are multiple redundant contigs (marked in colours) that could be
connected to any of the homozygous neighbours (see b in Figure 1 B).

Our pipeline proceeds in three distinct steps (Figure 1 B). Firstly, the draft
assembly is simplified by removing heterozygous contigs (c). These redundant
contigs represent distinct haplotypes from polymorphic chromosomal regions. To
circumvent this, the clusters of redundant contigs are recognised and only the
longest contig from each cluster is kept. Such reduction of complexity allows for
further scaffolding. This is conducted by our in-house solution, fasta2homozygous.py
v1.0. In the second step, non redundant contigs are joined using SSPACE2 (Boet-
zer et al., 2011) (d). Finally, the gaps in the scaffolds are closed using GapCloser
(Luo et al., 2012). Noteworthy, scaffolding and gap closing are iteratively re-
peated in order to improve scaffolding with another sequencing library or reduce
the number of gaps. We next assessed the accuracy of our pipeline by assembling
simulated and naturally-occurring heterozygous genomes.

2.2 Performance on simulated heterozygous genomes

The underlying difficulty of heterozygous genome reconstruction is the lack of
a “golden” reference that would allow the identification of possible pitfalls of
the genome reconstruction process. To circumvent this, we simulated six diploid
genomes in which the two haploid sequences had 5% sequence divergence and
with varying levels of loss of heterozygosity (LOH). LOH is a recombination
event that renders homozygous regions with the sequence of only one of the
two haplotypes (Bennett et al., 2014). Subsequently, we simulated short reads
from these genomes, which included typical Illumina-related errors (see Materials
and Methods). Then we assembled these genomes from the simulated short reads
with either an standard pipeline and the Redundans pipeline. As expected, stan-
dard approaches (SPAdes and SOAPdenovo) obtained very fragmented genome
assemblies (2,237-3,743 scaffolds) with increased size (119-198% of the original
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Fig. 1. Genome assembly from short reads. Standard (A) and heterozygous (B) genome
assembly pipelines are compared. Heterozygous regions in diploid chromosome are
marked in red and blue. Heterozygous genome assembly pipeline consists of five steps.
a) Standard de novo assembly is performed and b) optionally gaps are closed. Obtained
assembly is larger than expected and fragmented because two alternative contigs are
recovered from heterozygous region (blue and red), while single contig is recovered
from homozygous regions (grey). Further scaffolding of such assembly is impossible, as
homozygous contigs can be joined to any of heterozygous contigs (blue and red). c) To
overcome this, redundant contigs from heterozygous regions are removed (here the red
contig) and d) reduced assembly is further scaffolded. e) Finally, gaps are closed.
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genome) for five heterozygous genomes (Figure 2). In contrast, a fully homozy-
gous genome (LOH of 100%) was recovered in 250 scaffolds with roughly the
expected assembly size (99% of the original assembly). Interestingly, the size
of the genome assembly was negatively correlated to the LOH level (Pearson
r=-0.9939) (Supplementary table S2).

Fig. 2. Heterozygous genome assemblies characteristics. The total SOAPdenovo2 as-
sembly size (blue bars), as well as number of scaffolds longer than 1 kb (red plot) are
given for one homozygous (LOH of 100%) and five heterozygous genome assemblies
with 5% divergence between haplomes and varying loss of heterozygosity level: 0%,
20%, 40%, 60%, 80%. Expected genome size is marked with purple baseline.

We next applied our heterozygous genome assembly pipeline to the contigs
(Supplementary table S3) and scaffolds (Supplementary table S4) reconstructed
by SPAdes from the simulated reads. Firstly, we removed heterozygous contigs
from all assemblies. The resulting non-redundant assemblies based on SPAdes
contigs and scaffolds were very close to the expected size (99%-104%). The non-
redundant assemblies based on contigs and scaffolds from SOAPdenovo2 were
slightly larger than expected (99%-125%), suggesting SOAPdenovo2 may report
wrongly resolved or not overlapping heterozygous contigs/scaffolds that cannot
be recognised as heterozygous by our program. Because of this observation, we
decided to use SPAdes assemblies for further analysis. Subsequently, the non-
redundant contigs/scaffolds were further scaffolded using paired-end (two itera-
tions) and mate-pairs (three iterations) reads. While single pass of heterozygous
reduction is enough, we noticed that multiple iterations of scaffolding worked the
best. Indeed, the fragmentation of the assembly decreases with each iteration of
scaffolding, especially in the case of contig-based reconstruction (Supplementary
table S3). Finally, the gaps were closed. The resulting assemblies decreased their
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fragmentation from several thousands of contigs to less than 110. Interestingly,
the assemblies started from contigs that were less fragmented (17-40 contigs)
and more similar in size to the target simulated genome (99%-101%, except
0% LOH) than those started from scaffolds (25-225 contigs and 101%-104% of
the expected size). Such an observation suggests, that de novo assemblers may
produce wrongly resolved scaffolds for the heterozygous genomes, as every ho-
mozygous region (usually recovered as single consensus contig) can be joined
ambiguously with two or more polymorphic neighbour regions on both ends (see
b in Figure 1 B).

Unexpectedly, the heterozygous genome assembly pipeline, that started from
thousands of contigs/scaffolds, returned full size chromosomes in nearly all re-
constructions (Supplementary figure S1). In the case of a simulated genome with
0% LOH, the full size chromosomes were reconstructed for three reference chro-
mosomes (including the longest 3 Mb chromosome), while the remaining five
were reconstructed in two scaffolds. This was true for the reconstruction started
from both, contigs and scaffolds. The simulated genome with 20% LOH was
reconstructed with six full or nearly full size chromosomes and the remaining
two were represented in 2-4 scaffolds. On the other hand, the assemblies recon-
structed for simulated genomes with a higher level of LOH had fewer full size
chromosomes (1-2), if any. In general, the assemblies reconstructed starting from
contigs represented higher number of full size chromosomes. In order to evalu-
ate the correctness of each assembly, we aligned the obtained contigs/scaffolds
onto C. parapsilosis CDC317 chromosomes, as this genome was used to simulate
the heterozygous genomes and short reads (Figure 3). Notably, four assemblies
for the most heterozygous simulated genomes, these with LOH of 0% and 20%,
were resolved correctly (Supplementary figure S1). The remaining eight assem-
blies with a larger LOH level were carrying between 1 to 4 translocations as
compared to the C. parapsilosis CDC317 reference (Supplementary figure S1).
No large inversions and deletions were observed.

We were interested to know whether the above mentioned translocations were
present in the original SPAdes contigs/scaffolds or were introduced during the
scaffolding process. Therefore we aligned the SPAdes contigs and scaffolds onto
the C. parapsilosis CDC317 chromosomes (Supplementary figure S2). As stan-
dard de novo assemblies were highly fragmented, it was difficult to trace large
rearrangements. For this reason, we assumed that most of the observed translo-
cations were introduced during the scaffolding step in our pipeline. Nevertheless,
two deletions or translocations are present in the scaffolds from the assembly with
100% LOH, suggesting that at least some of the observed incongruencies may be
attributed to errors in the de novo contigs or scaffolds from SPAdes. Although,
our pipeline returns superior assemblies compared to standard de novo assem-
blers, we need to stress that the resulting scaffolds are chimeric, representing a
mixture of both haplotypes (Figure 3).
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Fig. 3. The assembly of simulated heterozygous genome. Pairwise genome alignment of
the final assembly for simulated heterozygous genome with 0% LOH and its reference,
C. parapsilosis CDC317. Synteny blocks have been coloured accordingly to the identity
level between pair of query and target sequences. The assembled genome represent a
mixture of two haplomes: 5% diverged (blue or violet) and identical (red) to reference
genome. In addition, two short regions with divergence of 2-3% (green and cyan) are
present in HE605206. The regions with intermediate divergence were likely assembled
from very short contigs from both haplomes.
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2.3 Performance on real datasets

As mentioned above, we had earlier applied our pipeline to the C. orthopsilosis
MCO456 genome, an intraspecies hybrid with 4.5% divergence between parental
genomes and over 80% LOH (Pryszcz et al., 2014). To test the generality of
our approach we here applied our pipeline to improve the assemblies of the
highly heterozygous genomes of another C. orthopsilosis heterozygous strain
AY2 (NCBI Assembly ID: AMDC01), D. bruxellensis LAMAP2480 (AZMW01)
and that of W. anomalus (AEGI01). In the case of Candida orthopsilosis AY2
with a 14.5 Mb genome assembled in 4,152 contigs represents a heterozygous
genome with a high level of LOH. 1,293 contigs representing 1.7 Mb were found
to be heterozygous in this genome. Again, the haploid assembly of AY2 (12.6 Mb
in 255 contigs) is very similar in size to the genome of the highly homozygous
strain of the same species, C. orthopsilosis 90-125 (12.6 Mb in 8 chromosomes).

In the case of W. anomalus, the first, standard assembly contained 26.2 Mb
of sequence in 3,133 scaffolds. This represents an heterozygous genome with low
level of LOH. Nearly half of this assembly (11 Mb in 1,247 scaffolds) was redun-
dant with an average divergence of 8.6%, suggesting that it is an heterozygous
genome with approximately 15% LOH. Similar numbers were obtained for the
second version of the W. anomalus assembly (AEGI02). Our pipeline identified
and removed 11 Mb of sequence in redundant contigs (Supplementary table S5).
The remaining 2,801 non-redundant contigs were further scaffolded using pub-
licly available paired-end (SRR072086, SRR072088) and mate-pair (SRR073582,
SRR073583, SRR073584) libraries. Noteworthy, the mate-pair libraries were gen-
erated by Roche 454, but we were able to use these data as our methodology
is highly flexible toward any type of sequencing technology, insert size and read
length. We obtained well resolved assembly (85 scaffolds), with 41 times larger
N50 and 80 times larger N90 than in the original contigs (Supplementary table
S5). Interestingly, the haploid assembly of W. anomalus (15.1 Mb) obtained after
reduction of heterozygous scaffolds is similar in size to the genome of the closely-
related and homozygous Wickerhamomyces ciferrii (15.9 Mb) (Schneider et al.,
2012). Importantly, our improved W. anomalus assembly is less fragmented,
than that of W. ciferii (Supplementary table S1 and S5, Supplementary figure
S4). Similarly, D. bruxellensis LAMAP2480 (AZMW01) assembly was improved
from 26,9 Mb in 9,167 contigs to 13.6 Mb in 146 contigs using just two mate-pair
libraries (SRR1222155, SRR1222162).

2.4 Comparison with heterozygosity-aware tools

Recently, the developers of SPAdes implemented a mode (dipSPAdes) specialised
in the assembly of polymorphic genomes. We ran dipSPAdes on our simulated
datasets. The big advantage of this program is its simplicity. It requires only
sequencing reads as input and no other information like insert sizes, ploidy, ex-
pected size, etc, is required. The resulting assemblies were neither fragmented nor
larger than expected (Supplementary table S2). Surprisingly, the most heterozy-
gous genome (0% LOH) was the least fragmented with 161 contigs, while the
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least heterozygous genomes (80% and 100% of LOH) were the most fragmented
with 282 and 281 contigs, respectively. Importantly, dipSPAdes produced genome
assemblies from 8% to 12% smaller than expected for the genomes that are not
100% heterozygous (Supplementary table S2). In line with this, dipSPAdes as-
sembled only the fully heterozygous (0% LOH) simulated genome correctly, while
the remaining genomes were fragmented and contained incongruencies as com-
pared to the reference (Supplementary figure S3). This is an important obstacle
as, due to the existence of recombination, the heterozygosity rarely reach 100%
in fungal and other genomes (Supplementary table S1). Importantly, although
our pipeline is as fast as dipSPAdes (Supplementary table S3), it returned more
complete and less fragmented assemblies than dipSPAdes. Typical computation
and memory requirements of our pipeline including complexity reduction, scaf-
folding and gap closing is just a fraction of those necessary for de novo assembly.
Thus, contig assembly is the most time and memory consuming step.

Recently, support for polymorphic genomes have been also implemented in
ALLPATHS-LG, as so-called ‘haploidify‘ mode. We have tested this mode on
simulated dataset with 40% LOH of heterozygosity. ALLPATHS-LG requires
an additional overlapping paired-end library in order to run, so we needed to
simulated such library (2x100 bp with 150 bp insert size). ALLPATHS-LG pro-
duced assembly with the size close to expected (13.0 Mb), but fragmented (401
scaffolds) (Supplementary table S2) given more genomic libraries (3) than used
with the previous programs (2). Importatntly, ALLPATHS-LG assembly process
took over 6 hours using 32 cores (over 5 CPU days!) and over 111 GB of RAM.
Moreover, nearly 102 GB of output files were created. In contrast, our heterozy-
gous genome assembly pipeline dealt with the same data in less than two hours
using eight cores and less than 16 GB of RAM (including contigs assembly).
Importantly, the assembly obtained with our pipeline was less fragmented (57
scaffolds) than the one from ALLPATHS-LG. Such high computational demands
prevented us from evaluating ALLPATHS-LG on entire simulated dataset.

2.5 Concluding remarks

We have introduced Redundans, a pipeline that improves the genome assembly
of heterozygous genomes. We show that our approach reduces the heterozygous
regions with substantial divergence from the genomes under various levels of loss
of heterozygosity in both, simulated and real data sets. Moreover, we showed
that such reduced assembly can be further scaffolded with success, resulting
in full size chromosomes if mate-pair libraries are available. Noteworthy, the
assemblies reconstructed from the de novo contigs were less fragmented and more
accurate than those started from scaffolds. This can be attributed to possible
mis-assemblies during the scaffolding of heterozygous contigs by the standard de
novo assemblers.

We proved our method to be at least as good as (and sometimes superior
to) existing tools, resolving complete and correct assemblies by using fewer re-
sources. We need to emphasize, however, that the resulting assembly does not
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represent individual haplomes, but it is a mosaic of segments from each hap-
lome (i.e. each of the haploid genomes present in a polyploid organism). Thus,
one of many haplomes is randomly chosen to fill a given heterozygous region.
This is common feature of all heterozygosity-aware methods. In order to identify
individual haplomes, sequencing reads need to be realigned onto the genome
assembly and re-analysed. Although, such an assembly is somewhat chimeric,
in the same way as genomes derived from several individuals as the reference
human genome (Lander et al., 2001), it simplifies downstream analysis. In con-
trast, the typical heterozygous genome assembly is a mixture of consensus and
haploid-contigs, which misleads subsequent analyses.

Admittedly, our method still has some limitations. First of all, Redundans re-
lies on BLAT (Kent, 2002) to detect heterozygous regions, and this program has
an upper limit of sequence divergence were homology can be detected efficiently
(20%). Secondly, large rearrangements may also impede the correct identifica-
tion of homologous contigs. This limits the usage of our approach to hybrids
of somewhat closely-related species. In addition the presence of large segmental
duplications that are recovered in different contigs may result in their removal.
Finally, our tool has been designed with heterozygous diploid genomes in mind.
In principle, it could be applied to polyploid genomes like plants, but we have
not tested this so far. To circumvent these limitations, we plan to redesign the
heterozygosity reduction step and incorporate depth of coverage information to
detect apparent segmental duplications, as well as heterozygous regions with
larger divergence and rearrangements.

3 Materials and methods

3.1 Genomes and short reads simulations

We used real data from Illumina-based whole genome shotgun sequencing C. or-
thopsilosis AY2 (AMDC01) and MCO456 (Pryszcz et al., 2014), D. bruxellensis
(AZMW01), and W. anomalus (AEGI01). In addition, we simulated heterozy-
gous genomes based on the 13 Mb C. parapsilosis CDC317 genome, which is
organised in eight nuclear chromosomes and one mitochondrial chromosome. Six
genomes with 5% divergence between haploid genomes and increasing loss of het-
erozygosity (LOH) levels (0%, 20%, 40%, 60%, 80% and 100%) were generated
using fasta2diverged.py v1.0. Inserted LOH sizes were modelled based on the
real size distributions observed in C. orthopsilosis MCO456 and C. metapsilosis
PL429 (in preparation).

Afterwards, we simulated two Illumina libraries for each simulated genome: i)
100 bp paired-end reads with 600 bp insert size (±50 bp) and 200X coverage, and
ii) 50 bp mate-pair reads with 5,000 bp insert size (±1,200 bp) and 20X coverage
using GemSIM v1.6 (McElroy et al., 2012). The accuracy of the simulations was
confirmed by comparing the estimates of heterozygous fraction, as well as the
estimates of divergence between redundant contigs in the resulting assemblies.
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3.2 Heterozygous genome assembly pipeline

Reads were pre-processed before assembly to trim at the first undetermined base
or at the first base having a PHRED quality below 10. We filtered out pairs with
one (or both) reads shorter than 31 bases after trimming using filterReads.py
v1.0. Two assemblers were used to assemble paired-end reads into contigs and
scaffolds: SOAPdenovo v2.04 (Luo et al., 2012) with K-mer ranging from 71
to 91 and SPAdes v3.1.0 (Bankevich et al., 2012) with default parameters. In
addition, dipSPAdes, an extension designed to handle polymorphic genomes was
used for comparison with our pipeline (?). We have also tested ALLPATHS-LG
v.R44837 (Gnerre et al., 2011) in haploidify mode.

Heterozygous contigs were identified and removed by fasta2homozygous.py
v1.0. Afterwards, non-redundant contigs/scaffolds were further scaffolded by
SSPACE2 (Boetzer et al., 2011) using pair-end and mate-pair reads. Several
iterations of scaffolding were applied. We automatised the scaffolding process in
the program named fastq2sspace.bwamem.py. It aligns the reads using the fastest
short read mapper, BWA MEM (Li, 2013), instead of the standalone SSPACE2
mapper (bowtie) and only a subset of each library (5-10%) was aligned in order
to speed-up the scaffolding process and limit the number of intermediate files.
Finally, remaining gaps were filled using GapCloser from the SOAPdenovo pack-
age (Luo et al., 2012). Redundans pipeline and all programs mentioned in the
text can be access publicly (https://github.com/lpryszcz/redundans).

3.3 Assembly quality estimation

We assessed the quality of the assemblies by using several parameters of general
use (Bradnam et al., 2013). These include, number of contigs, N50, genome
completeness expressed as the ratio of the observed versus expected assembly size
(Bradnam et al., 2013). For assemblies of simulated data the expected assembly
size was that of C. parapsilosis CDC317. We inferred the presence of redundant
contigs/scaffolds if the assembly had a size larger than the reference. On the
other hand, a smaller than expected assembly informed about the extent of
missing reference genome regions.

In addition, we analysed the accuracy of each assembly by visual inspec-
tion of the alignments of its contigs/scaffolds and the reference chromosomes.
The pairwise genome alignments were created and visualised using NUCmer
v3.1 (Kurtz et al., 2004). The resulting alignments were filtered, keeping only
the best alignment for each region from the query sequence, so called many-
to-one mode. Subsequently, we counted large rearrangements, namely deletions,
inversions or translocations, between every assembly and the reference genome.
Additionally, we marked the reference sequences missing from each assembly. Fi-
nally, we checked, whether observed rearrangements originated from the original
contigs/scaffolds (SPAdes or SOAPdenovo2) or were introduced during scaffold-
ing with SSPACE2, by pairwise alignment of the de novo assemblies against the
reference chromosomes. If a particular rearrangement was absent from the re-
spective de novo assembly, we concluded it was introduced during the SSPACE2
scaffolding process of the heterozygous genome assembly pipeline.

https://github.com/lpryszcz/redundans
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Supplementary materials

Supplementary materials can be found at http://bit.ly/redundans.

Supplementary figure S1. Scaffolds returned by the heterozygous genome
assembly pipeline for various level of LOH were aligned onto C. parapsilosis
CDC317 chromosomes. The reference chromosomes are denoted on X axis, while
query contigs/scaffolds are denoted on Y axis. Best query-to-reference matches
are indicated with red (forward) and blue (reverse) dots. The regions of similarity
spanning larger regions are denoted by lines. Subsequently, the alignments have
been scanned for potential rearrangements (marked by arrows on reference axis).

Supplementary figure S2. Contigs or scaffolds returned by the SPAdes
assembler. Indications as in Supplementary figure S1.

Supplementary figure S3. Consensus contigs returned by the dipSPAdes
polymorphic genome assembly pipeline for various level of LOH have been aligned
onto C. parapsilosis CDC317 chromosomes. Indications as in Supplementary fig-
ure S1.

Supplementary figure S4. Scaffolds from homozygous W. ciferrii genome
(Y axis) were aligned against W. anomalus scaffolds (X axis) reconstructed by
heterozygous genome assembly pipeline. Synteny blocks have been coloured ac-
cordingly to the identity level between pair of query and target sequences.

Supplementary table S1. Examples of heterozygous and homozygous genome
assemblies retrieved from GenBank. For each analysed assembly, the table pro-
vides: species name, accession with the link to GenBank, type (contigs or scaf-
folds), size, number of contigs/scaffolds, cummulative size and number of iden-
tified heterozygous contigs/scaffolds, and cummulative size and number of non-
redundant contigs/scaffolds.

Supplementary table S2. Simulated heterozygous genomes with various
level of loss of heterozygosity were assembled using SPAdes, SOAPdevono and
dipSPAdes. For each assembly, the table provides: the tool and parameters used,
assembly type (contigs or scaffolds), loss of heterozygosity level, cumulative
size, number of contigs/scaffolds, cummulative size and number of identified
heterozygous contigs/scaffolds, cummulative size and number of non-redundant
contigs/scaffolds. Finally, the ratio of observed versus expected size is given as
percentage for each assembly.

Supplementary table S3. Basic assembly statistics for simulated heterozy-
gous genomes recovered by heterozygous genome assembly pipeline. The recon-
structions started from contigs produced by SPAdes. Number of contigs, cumu-
lative assembly size, percentage of GC content, number of contigs longer than
1 kb and the cumulative size of these contigs, N50, N90, the cumulative size of

http://bit.ly/redundans


Redundans: an assembly pipeline for highly heterozygous genomes 13

gaps and the length of the longest contigs are given for each step and iteration
of heterozygous genome assembly pipeline. Finally, the ratio of observed versus
expected size (percentage), runtime, number of CPU cores and peak memory
usage are given for each step of heterozygous genome assembly pipeline.

Supplementary table S4. Basic assembly statistics for simulated heterozy-
gous genomes recovered by heterozygous genome assembly pipeline. The recon-
structions started from scaffolds produced by SPAdes. Number of contigs, cumu-
lative assembly size, percentage of GC content, number of contigs longer than
1 kb and the cumulative size of these contigs, N50, N90, the cumulative size of
gaps and the length of the longest contigs are given for each step and iteration
of heterozygous genome assembly pipeline. Finally, the ratio of observed versus
expected size is given as percentage for each assembly.

Supplementary table S5. Heterozygous genome assembly pipeline was ap-
plied to Wickerhamomyces anomalus contigs and scaffolds (AEGI01). Number
of contigs, cumulative assembly size, percentage of GC content, number of con-
tigs longer than 1 kb and the cumulative size of these contigs, N50, N90, the
cumulative size of gaps and the length of the longest contigs are given for each
step and iteration of heterozygous genome assembly pipeline. Finally, the ratio
of observed versus expected size of each assembly is given as percentage. The as-
sembly size of closely related homozygous genome of Wickerhamomyces ciferrii
is taken as expected size.
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