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ABSTRACT

Contamination in sequenced genomes is a relatively common problem and several methods to
remove non-target sequences have been devised. Typically, the target and contaminating
organisms reside in different kingdoms, simplifying their separation. The authors present the
case of a genome for the ascomycete fungus Teratosphaeria eucalypti, contaminated by another
ascomycete fungus and a bacterium. Approaching the problem as a low-complexity
metagenomics project, the authors used two available software programs, BlobToolKit and
anvi'o, to filter the contaminated genome. Both the de novo and reference-assisted approaches
yielded a high-quality draft genome assembly for the target fungus. Incorporating reference
sequences increased assembly completeness and visualization elucidated previously unknown
genome features. The authors suggest that visualization should be routine in any sequencing
project, regardless of suspected contamination.

METHOD SUMMARY

Complementary use of the BlobToolKit and anvi'o programs made it possible to resolve DNA
sequences originating from closely related organisms. The authors applied de novo and
reference-assisted filtering of contaminated raw genomic reads and visualized the filtering
process to distinguish between the genomic sequences of two ascomycetous fungi and a
bacterium.

DATA DEPOSITION

The genome of Teratosphaeria eucalypti (isolate CMW54005) has been deposited in the
National Center for Biotechnology Information (NCBI) genome repository under the accession
number JAIZZA0O00000000. The reference-filtered assembly of CMW55930 has been submitted
as a metagenome-assembled genome under the accession number JAJADS000000000.

First draft submitted: 4 October 2021; Accepted for publication: 11 November 2021; Published
online: 30 November 2021.
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Reports of non-target taxa in genome assembly databases are increasingly common. In
some cases, human DNA [1,2] or non-sterile sampling reagents [3] result in contaminant
sequences. Microbial sequences have been identified in human DNA extracts [4] and are
present even within the human reference genome [5]. In other cases, an inherent inability to
separate an obligate associate from its host [6,7] or the need to use an entire organism for
DNA extraction, including internal symbionts [8], necessitates sequencing a mixed sample.

As the speed of sequencing and the abundance of genomes increases, scrutinizing
quality becomes increasingly important. Basic assembly statistics such as size, contig
number and N50 [9] can reveal, though not diagnose, obvious contamination issues. The
straightforward process of assessing genome completeness by considering the presence
and copy number of lineage-specific housekeeping genes [10,11] has become common
practice. In conjunction with the N50 score, an assembly with low completeness or high
completeness coupled with unexpected duplications should raise concern [11,12].
Unfortunately, checking contamination is more complicated than assessing completeness,
most likely the reason it has not yet become standard practice for most single-organism
genome projects.

Several software tools have been developed to visualize genome assemblies and detect
potential contaminant sequences [13-16]. These programs typically follow principles
applied in shotgun metagenomic studies, where the inherent aim is to assemble a mixed
sample and identify different compartments [17,18]. Because different taxa typically have
different sequence compositions [16], predictors such as GC% and tetra-nucleotide
frequency (or other k-mer lengths) can be applied to identify taxonomic groups within a
dataset [19]. If the amount of starting genetic material differs among taxa, sequence
coverage also becomes an invaluable separator [19,20]. While these methods are powerful,
detection and identification of contaminants can be further supplemented with taxonomic
annotations [16].

Previous studies that have resolved mixed assemblies have focused primarily on
separating taxa from different kingdoms, approaching the process as a ‘low-complexity
metagenomics project' [8,20]. The maijority of these studies have targeted Animalia [6,8,13]
or Fungi [21] contaminated with Bacteria. Though less abundant, examples of archaeal and
viral contamination in eukaryotic genomes are also available [7,22]. At these high-level
taxonomic differences, sequence composition statistics vary considerably [23] and Basic
Local Alignment Search Tool (BLAST) annotations easily differentiate taxa [19]. Where the
taxonomic distances between target and contaminant organisms are smaller, annotations
become an increasingly useful supplement to the sequence statistics [16], although they are
only as accurate as the information available in databases. This presents a particular
challenge for de novo sequencing projects considering underrepresented taxa.

In this study, the authors targeted the plant pathogenic Dothideomycete fungus
Teratosphaeria eucalypti [24,25] for de novo genome sequencing. Due to its slow growth on
agar, they experimented with liquid culture. Before sequencing, the sample harvested from
this culture was, however, stored at 4°C instead of -20°C, resulting in undetected growth of
contaminants, including another ascomycete fungus. Consequently, the authors evaluated
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two software tools, BlobToolKit [16] and anvi'o [17], in an attempt to filter the contaminants
within the genome. They illustrate a de novo as well as a reference-assisted filtering
method and, using a second T. eucalypti genome as control, show that these methods can
yield a high-quality draft genome assembly, even in the absence of reference sequences.

Whole genome sequencing of T. eucalyptiisolates CMW54005 and CMW55930 (BioProject
PRJNA759074) was performed with the lon Torrent™ GeneStudio™ S5 Prime System
(Thermo Fisher Scientific, MA, USA) at the Central Analytical Facilities (CAF), Stellenbosch
University, South Africa. Isolate CMW55930 was grown in nitrogen-deficient liquid media
[26,27] for 4 weeks at room temperature. Harvested mycelium was washed in sterile water
and kept at 4°C for approximately 2 weeks. Isolate CMW54005 was grown on Malt Extract
Agar (Merck, Wadeville, South Africa) for 8 weeks at room temperature and harvested
mycelium was freeze-dried immediately. DNA was extracted from both samples with the
NucleoSpin Plant Il kit (Machery-Nagel, Duren, Germany). Genome assemblies were
computed with SPAdes 3.15.2 [28], applying the built-in error correction.

Assemblies were visualized as taxon-annotated Guanine-Cytosine (GC)-coverage plots
[13,18] using BlobToolKit 1.2 [16] and as dendograms in anvi'o v7 [17]. Assembly coverage
was determined by mapping reads with Bowtie 2.4.4 [29]. The putative taxonomic identity
of contigs was determined with searches against the National Center for Biotechnology
Information (NCBI) non-redundant nucleotide database using BLASTn 2.10.0 [30] and the
Uniprot database with DIAMOND 2.0.9 [31], following the BlobToolKit instructions.
Completeness was estimated with BUSCO 5.1.2 [10], using the Bacteria, Eukaryota and
Fungi OrthoDB 10.1 datasets.

After detecting significant contamination of the initial assembly of isolate CMW55930
(Assembly 1), both de novo and reference-assisted filtering methods were applied
(Figure 1A). For the de novo approach, putative eukaryotic and prokaryotic contigs were
distinguished with EukRep 0.6.7 [23]. Contigs classified in BlobToolkit as Class
‘Dothideomycetes’ (‘bestum’ taxrule [16]) were extracted as a metagenome-assembled
genome (MAG) and raw reads mapping to this MAG were obtained using BlobToolkit
utilities.

(ii) Reference-assisted filtering [ 1 1
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Figure 1. Workflow used to obtain filtered read sets.

(A) The initial raw reads of CMW55930 were filtered with a (i) de novo approach, using BlobToolKit
taxonomy, and a (ii) reference-assisted approach that entailed alignment to the Penicillium and
Teratosphaeria pseudoeucalypti genomes. (B) Read sets obtained from the two approaches were
subsequently used to predict the boundaries of the T. eucalypti bin in anvi'o and extract the associated raw
reads.

Reference-assisted filtering (Figure 1A) entailed using available genomes from species
other than T. eucalypti. The raw reads were mapped to the putative fungal contaminant
with Bowtie, using the Penicillium camemberti (GenBank assembly GCA_000513335.1), ~.
crustosum (GCA_014621375.1) and P. solitum (GCF_002072235.1) genomes. This was
based on BLASTp hits of a subset of duplicated BUSCOs (Supplementary Table 1) and
identification of the Penicillium BenA gene (Supplementary Table 2). Subsequently, reads
that did not map to the contaminant were mapped to 7. pseudoeucalypti
(GCA_013403725.1 and GCA_013403725.1), the sister species of T. eucalypti[25].

All filtered CMW55930 read sets (Figure 1B) were mapped to Assembly 1. Using the
coverage data of the de novo and de novo combined with the reference-filtered read sets,
automatic binning of Assembly 1 was performed in CONCOCT 1.1.0 [32] and MetaBAT 2.15
[33]. Contig clustering, based on differential sequence coverage and tetra-nucleotide
frequency, was viewed in anvi'o. With the guidance of the automated binning, the T.
eucalypti and contaminant genome bins were selected manually. The default anvi'o Hidden
Markov Models (HMMs) were used to identify single-copy genes predicted with Prodigal
[34]. For both the de novo and reference-assisted approaches, the putative 7. eucalypti
MAG was extracted from Assembly 1 and the associated raw fastq reads were recovered
with SAMtools 1.12 [35] and reassembled.

The efficacy of the filtering and re-assembly process was evaluated by comparing the
filtered genome with the second genome sequence of T. eucalypti CMW54005. The raw
reads for isolate CMW55930 were re-filtered by aligning them to the T. eucalypti reference
and all filtered assemblies and MAGs were compared with this reference-based
CMW55930 assembly and the CMW54005 reference assembly. Repeat content was
estimated using custom repeat libraries constructed for each assembly with RepeatScout
1.0.6 and RepeatMasker 4.1.2 [36] and comparative assembly statistics were calculated
with QUAST 5.0.2 [37].

For isolate CMW55930, 13.62 million reads of 25-942 bp were obtained. The initial 76.5 Mb
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assembly (Assembly 1; Table 1) was more than double the expected size, based on the
28-37 Mb assemblies of other Teratosphaeria species [38-42]. In contrast, the 12.09 million
reads of isolate CMW54005 assembled a genome of 30.1 Mb, consistent with that expected
for a Teratosphaeria species (Table 1).

Table 1. Genome assembly statistics' of the mixed and reference genome samples of Teratosphaeria

eucalypti. (Table view)

Assembly 1 Reference

Strain CMW55930 (mixed sample) CMW54005
Raw sequence reads 13618098 12092134
Assembly size (Mb) 76.45 30.06
Contigs 21000 bp 6184 2359
L50 168 141
N50 (kb) 113.91 63.97
Guanine-Cytosine (GC) content 49.37% 51.70%
Repeat content 8.24% 16.86%
BUSCO sequences identified

Bacteria: single-copy 112 (90.32%) 27 (21.77%)

Bacteria: duplicate 4 (3.23%) 0

Eukaryota: single-copy 40 (15.69%) 248 (97.25%)

Eukaryota: duplicate 214 (83.92%) 0

Fungi: single-copy 152 (20.05%) 741 (97.76%)

Fungi: duplicate 606 (79.95%) 0

T All statistics are based on contigs 21000 bp.

BUSCO analysis of Assembly 1 detected high duplication levels (>79%) in the Eukaryota
and Fungal datasets (Table 1). Additionally, 93.5% of Bacteria odb10 BUSCOs were
identified. A BLASTp of 16 randomly chosen duplicate Eukaryota BUSCOs revealed that half
were consistent with a T. eucalypti origin, being most similar to Mycosphaerellales
sequences, predominantly those from the Teratosphaeriaceae (Supplementary Table 1). The
other half consistently hit to Penicillium proteins, with P. camemberti and P. solitum
appearing as hits for 9/16 sequences. A BLASTn search for the Penicillium beta-tubulin
(BenA) gene yielded a 729 bp high-scoring hit, with 100% similarity to BenA of P. crustosum
(MN9693709).

The BlobPlot (Figure 2) confirmed the presence of three main taxa in Assembly 1.
Taxonomy filtering was applied at the highest rank separating the target and contaminant
organisms and the majority of contigs were annotated as Eurotiomycetes (37.5 Mb; 49.1%),
Dothideomycetes (27.9 Mb; 36.53%) and Bacilli (7.3 Mb; 9.6%). Consistent with a
contaminated 7. eucalypti sample, the Dothideomycete sequences had the highest mean
coverage (ca. 130X), whereas the coverages of the two primary contaminants were
approximately 15X (Eurotiomycetes) and 80X (Bacilli). The GC contents of the three taxa
were distinct, although overlapping.

5 of 16 2022/03/25, 13:35



A high-quality fungal genome assembly resolved from a sample accide...  blob:https://www.future-science.com/0b3b6fd7-dd82-46e4-b6cf-7160...

[Count; sum length; n50]

T T T T T T T T T T T T T
0.15 020 025 030 035 040 045 050 055 060 065 0.70 g E E

o
& Q

5.0 m—
10 m—
15 m—

GC content

i 25 m— Sum length Ilzurotiomycetes Total [ [6.2 k; 76 m; 110 k]
: (GC) Eurotiomycetes [][3.7 k; 38 m; 180 k]
o 20 m— No-hit [l [1.1 k; 1.9 m; 1.6k ]
. ) Dothideomycetes [][882; 28 m; 78 k]
i 15 m4 Dothideomycetes Revtraviricetes [ll [193; 730 k; 4.9 k]
K 10 7iid | Bagilli [T] [103; 7.3 m; 190 k]
. Sordariomycetes [l [87; 860 k; 42 k]
% 5.0 m- Bacilli Leotiomycetes [][35; 120 k; 6.4 k]
3 Mammalia [ [5; 7.9 k; 1.6 K]
. 0.0 Alphaproteobacteria [ [1; 1.3 k; 1.3 k]
. Other [ll[11; 56 k; 9.5 K]
.
5 1k
L4 Dothideomycetes
5 |
. & 1004
. 8 —_
. 2 Bacilli
. O
. © I
. Eurotiomycetes
: 10
.
.
.
: 14
. 40m— Eurotiomycetes
.
.
. £ 30m—
. 2 Dothideomycetes
g
. 01 5
. 2 20m—
. s
E]
. E
5
. 3 10m-
o Bacilli
[ 0.01 i
i 0ol —— No BLAST hits i
.
. <0-O1:| ey e [P I gy ey | Sum length
K 0.0 500 1.0k 1.5k2.0k25k3.0k35k4.0k
. Number of contigs (coverage)
. T
.
.
L R g P e

Figure 2. Taxon-annotated GC-coverage plot (BlobPlot) of CMW55930 Assembly 1.

Each circle represents a contig sequence, plotted relative to its base coverage and GC proportion. Circle
diameter is proportional the size of the contig it represents. Circles are colored according to their assigned
taxon at the Class level (see legend), using the ‘bestsum’ taxrule. Histograms show the distribution of the
total assembly length along each axis. The inserted cumulative plot indicates the total length and number of
contigs contributed by each taxon.

Based on HMM hits, anvi'o also estimated one bacterial and two eukaryotic genomes in
Assembly 1. The genome sample was, therefore, contaminated by at least one Penicillium
species, most likely P. crustosum, and a bacterium. All ribosomal sequences identified in
anvi'o indicated the bacterium to be a Paenibacillus species. P. crustosum is a common food
contaminant that occurs naturally in subglacial ice [43] and Paenibacillus bacteria have
been isolated from laboratory surfaces [44]. Their growth in a poorly stored laboratory
sample is, therefore, consistent with unintentional environmental introductions.

The various read filtering methods suggested that approximately 60% of the raw reads
originated from T. eucalypti (Table 2). The most stringent filtering method (alignment of
already-filtered reads to 7. pseudoeucalypti) retained 54.2% of the raw reads, whereas
BlobToolKit-based filtering retained 60.8%. The de novo and reference-assisted approaches
retained a similar number of raw reads (60-62%). Between the two approaches, 50 contigs
of Assembly 1 were assigned differently, with an additional 32 contigs included in the
reference-assisted approach.
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Table 2. The number of raw and filtered reads in each read set used in this study. (Table view)

Read set Number Total Description

(%)
Isolate CMW55930
(1) raw reads

13618098 100.00 Reads from the contaminated (mixed) genome sample
De novo filtering

(2) blob reads 8273103 60.75

BlobToolKit taxonomy-filtered reads
Reference-assisted filtering

(3) Pen_mapped reads 3045924 22.37

(4) Pen_unmapped 10572174 77.63 Reads that did not align to Penicillium
reads

Reads that aligned to Penicillium

(5) Tpse_mapped reads 7375248 54.16 Reads from set 4 that aligned to Teratosphaeria

pseudoeucalypti

Extracted from anvi'o

(i) anvi'o de novo 8246161 60.55 Reads that mapped to the T. eucalyptibin

(i) anvi'o reference- 8576930 62.98 Reads that mapped to the T. eucalypti bin
assisted
Reads aligned to 8618060 63.28 Reads that mapped to the uncontaminated 7.
CMW54005 eucalyptigenome
Isolate CMW54005
Raw reads 12092134 100.00

Reads from the uncontaminated genome sample

In the anvi'o dendograms of Assembly 1 (Figure 3), putative 7. eucalypti, Paenibacillus
and Penicillium bins were identified based on the tetra-nucleotide sequence composition of
contigs and the coverage of each read set. The T. eucalypti bin comprised 38.6% (29.5 Mb)
of Assembly 1 in the de novo approach (i) and 40.4% (30.9 Mb) in the reference-assisted
approach (ii). Penicillium and Paenibacillus comprised 40-41% (30.9-31.2 Mb) and 9-10%
(6.7-7.9 Mb), respectively. This was congruent with the 7.3 Mb Bacilli contigs and less than
the 37.5 Mb Eurotiomycetes contigs identified by BlobToolkit. The remainder of the

assembly consisted of the low coverage, short contigs also represented by the noisy data
observed in Figure 2.
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Figure 3. Anvi'o plots depicting the effect of the filtering process applied in the (A) de novo and (B)
reference-assisted approaches.

In both plots, Assembly 1 is visualized as a circular dendogram clustered by tetra-nucleotide frequency and
differential sequence coverage. Contigs >20,000 bp have been split as indicated by the innermost Parent
layer. Subsequent layers depict the length, GC% and read coverage of these splits as histograms. (A) The
Teratosphaeria eucalypti bin is identified by high read coverage in the BlobToolKit-filtered reads (set 2). The
Penicillium and Paenibacillus (bacterial) bins were identified by high sequence coverage, different sequence
compositions and the occurrence of bacterial single-copy genes. (B) The T. eucalypti bin has a high read
coverage in all read sets apart from number 3. The raw read set (1) and read set 3 identify the Penicillium
bin, whereas the Paenibacillus bin was identified by non-fungal reads present in set 4.

The de novo approach (i) produced four iterations of a clean 7. eucalypti CMW55930
assembly (Table 3 & Supplementary Figure 1). These consisted of two 'metagenome-
assembled genomes' (MAG1-2) and their re-assemblies. A further three reference-assisted
(i) assemblies (MAG3, MAG3r and Tpse_filtered) were produced using reference genomes
during the filtering stages. The de novo MAGs had similar BUSCO completeness (93-95%),
slightly lower than that of the reference-assisted assemblies (>97%). For the fungal dataset,
the completeness of the reference-assisted assemblies (>98%) was even higher than that of
the CMW54005 reference-based assembly (97.0%).

Table 3. Filtered genome assemblies of Teratosphaeria eucalypti CMW55930. (Table view)

Assembly name Metagenome-assembled Re-assembled MAGs Assembled fro
genomes (MAGSs) reads

MAG 1 MAG2 MAG3 MAG 1r MAG 2r MAG 3r  Tpse_filtered R

Origin BlobToolKit anvi'o anvi'o (2) blob (i) anvi'o (ii) anvi'o (b) K

(de (reference- reads de novo reference- Tpse_mapped a

novo) based) assisted reads C
Raw reads used (%) 60.75 60.55 62.98 60.75 60.55 62.98 54.16 6
Size (Mb) 27.93 29.48 30.87 28.82 29.12 30.58 26.22 3
Contigs 21000 bp ~ 882 1356 1388 1131 982 1016 2375 1
L50 103 113 120 107 104 107 276 1
N50 (kb) 78.19 76.91 76.81 77.32 84.84 81.71 25.82 6
Guanine-Cytosine  52.21 51.28 51.35 51.64 51.45 51.50 53.84 5

(GC) content (%)
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Assembly name Metagenome-assembled Re-assembled MAGs Assembled fro
genomes (MAGSs) reads

MAG 1 MAG2 MAG3 MAG 1Ir MAG 2r MAG 3r Tpse_filtered F

Repeat content (%) 14.50 18.69 18.32 17.22 17.85 17.59 8.29 1

Comparison to reference

- NG50 (kb) 74.58 74.58 77.37 74.77 83.18 84.44 21.30 6

- LG50 117 115 115 115 108 104 358 1

- Genome fraction  88.13 91.46 95.56 89.85 90.90 95.10 84.32 9

(%)

- 191.35 235.85 23314 237.22 232 231.29 161.73 2

Mismatches/100 kbp

(n)

— Total aligned 26.52 27.63 28.87 27.09 27.52 28.67 25.37 2

length (Mb)

BUSCO results

— Eukaryota: single 238 238 249 238 237 249 248 (97.25%) 2

copy (93.33%)  (93.33%) (97.65%) (93.33%) (92.94%) (97.65%) (¢

— Eukaryota: 0 0 0 0 0] 0 0 0

duplicate

— Fungi: single copy 716 716 748 716 715 748 749 (98.81%) 7
(94.46%)  (94.46%) (98.68%) (94.46%) (94.33%) (98.68%) (¢

— Fungi: duplicate 0 0 0 0 0 0 0 0

De novo taxonomy-based filtering of contigs in BlobToolKit produced the least complete
T. eucalypti assemblies (MAG1l and 2). The authors applied the least conservative
BlobToolKit ‘taxrule’ [16], yielding the most Dothideomycetes sequence classifications. The
BlobPlot protocol was similarly reported to be more conservative than other approaches
when identifying contigs of the nematode Caenorhabditis remanei, with a loss of some C.
remanei sequence information [19].

A taxonomy-based approach relies on public databases and is likely to be less accurate
as public sequence availability, contig length and taxonomic distance decrease [5,18]. For
example, at taxonomic ranks below phylum, the taxonomies of the smaller Ascomycota
contigs in Assembly 1 became increasingly divided so that less of the assembly was
attributed to T. eucalypti. The loss of sequence information had a smaller effect on the
Penicillium contigs, because large amounts of data are publicly available for this well-
studied genus. Taxon-based filtering, however, proved immensely useful as a reference
point for decontamination [18], despite limited Teratosphaeria sequence data.

The MAG2r, MAG3r and Tpse_filtered assemblies were re-assessed (Figure 4) and
compared with the reference-based and reference assemblies. Approximately the same
proportion of all assemblies (26-28 Mb) were classified as Dothideomycetes. The remaining
ca. 5% ‘contaminant’ sequences identified by BLAST primarily originated from other Fungi,
particularly Ascomycetes. While certain studies may need to consider whether sampling
reagents have been contaminated [3], such contaminants would have insignificant
coverage in single-genome projects. The consistent occurrence of apparently contaminant
sequences in all T. eucalypti assemblies, and in other Teratosphaeria genomes
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(Supplementary Figure 2), suggested that these were a result of incorrect taxonomic
classification.
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Figure 4. BlobPlots comparing the filtered and reference assemblies of Teratosphaeria eucalypti.

(A) CMW55930 MAG 2r represents the de novo re-assembly filtered without a reference genome. (B) MAG
3r was produced with reads filtered using the genomes of species closely related to the target and
contaminant organisms, whereas (C) was filtered using the T. eucalypti CMW54005 reference genome (D).

In the reference genome, 8.0% (2.5 Mb) of sequences did not have a BLAST hit, which
was more than double the amount of ‘no-hits’ in the filtered CMW55930 assembilies.
Despite this, the repeat contents of the re-assembled MAGs, the reference-based assembly
(Table 3) and the reference genome were similar (16-18%; Table 1). In contrast, the lower
repeat content and high BUSCO completeness of the Tpse_filtered assembly indicated that
its smaller genome size was due to a loss of repetitive sequences during the stringent read
filtering process (Supplementary Figure 3).

The reference-assisted anvi'o assemblies (MAG3 and MAG3r) appeared to be most similar
to the reference T. eucalypti genome and MAG3r had the best genome statistics. Therefore,
using the consensus of several different filtering methods to identify the different genome
bins and extract target reads appeared to be most effective [20]. This mimicked the
approach of a metagenomics study in which multiple samples are considered based on their
sequence compositions and differential coverage [17]. The increased genome size, gene
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complexity and taxonomic distribution of eukaryotic communities, however, have meant
that few metagenomics studies consider this domain [11,23]. Subsequently, tools like anvi'o
[17], that combine binning and taxonomic identification, have been developed for
prokaryotes and lack automated functionality for eukaryotic projects.

The aims of metagenomic studies do not require MAG re-assembly, but the aim of this
project was to produce a genome of the highest possible quality and completeness.
Assembly algorithms might not be able to calculate the optimal single-organism assembly
in a mixed sample and the initial mixed assembly may have contained chimeric contigs [13].
Re-assembly is thus an important step that improved the continuity, while slightly
decreasing the repeat content, of the anvi'o MAGs. In contrast, although re-assembling the
BlobToolKit MAG (MAG1) decreased continuity and increased repeat content, the re-
assembled MAG more closely resembled the reference genome, further supporting the need
for re-assembly.

Initially, the authors also distinguished putative eukaryotic and prokaryotic sequences, a
technique that previously yielded high-quality eukaryotic genomes from metagenomic
samples [23]. However, in the low-complexity mixed genome, this step overfiltered data
that could be confidently distinguished based on other characteristics, such as taxonomy.
Few of the T. eucalypti-assigned contigs were classified as prokaryotic and their removal
resulted in poorer completeness estimates (Supplementary Table 3) and exclusion of
sequences resembling Teratosphaeria mitochondrial genomes (Supplementary Table 4)
[Kanzi, unpublished data]. The authors, therefore, conclude that EukRep [23] is best applied
to complex samples, where MAG boundaries are less clearly defined.

The anvi'o plots of Assembly 1 (Figure 3) also provided insight into the structure of the T.
eucalypti genome by indicating two main branches of tetra-nucleotide frequencies in the T.
eucalypti MAG. Further investigation (Supplementary Figure 3) confirmed that these
branches correspond to a division between highly repetitive and non-repetitive sequences,
consistent with the bimodal GC% distribution observed for all 7. eucalypti assemblies
(Supplementary Figure 1A). In all investigated assemblies, a cluster of contigs with an
unusually high coverage and low GC% was apparent (Supplementary Figure 3) and BLASTn
confirmed that these represented mitochondrial sequences [Kanzi, unpublished data].

This study provided an overview of how BlobToolKit and anvi'o can be applied in
complementary ways to decontaminate a mixed assembly, both in the presence and in the
absence of closely related reference sequences. First, the statistics and completeness scores
of the initial assembly must be scrutinized, while considering that BUSCO does not work
equally well across the eukaryotic tree of life [11]. BUSCO is, however, well developed for
fungal lineages and BLAST provides an easy and rapid method to identify the origin of
fungal BUSCOs. A further ‘first overview' is provided by BlobToolKit [16].

Once an overview of the initial contaminated assembly has been generated, the
assembly and its reads should be filtered in various ways. BlobToolKit provides the first
taxonomy-based screening step, without the need to identify available reference genomes.
Applying only BlobToolKit as a filter already yields a high-quality genome sequence, though
perhaps falsely excluding some coding sequences [19], leading to lower completeness.
Further manual read filtering can be done by aligning the raw reads to genomes of the
same or closely related species. In this study, we used reference genomes related to both
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the contaminant and target species for filtering, and anvi'o provided excellent visualization
of the impact of all filtering methods and, subsequently, of the boundaries of our target
genome.

Based on the differential coverage in our filtered read sets, manual identification of
MAGs in anvi'o was most effective. Automated binning programs, such as MetaBAT [33]
and CONCOCT [32] applied here, could also be used and compared with the manual
process, choosing the result that makes the most biological sense. Finally, the target MAG
and its associated reads can be extracted, re-assembled and re-evaluated. Visualizing the
cleaned genome in BlobToolKit and anvi'o has the added benefit of providing some insight
into genome structure.

Sequencing pure DNA samples should be the goal of all single-organism genome
sequencing projects. Obtaining such samples, however, is not always biologically possible
or contaminants may be introduced unintentionally [3,8]. This study supplements a growing
body of research [8,19,20] that illustrates why it is essential to assess the purity of single-
organism genome assemblies. To the best of our knowledge, this is the first example of
removing a fungal contaminant from a fungal assembly.

BlobToolKit plots sequence coverage and GC content, incorporating taxonomic
annotation. We contend that such screening is essential for any genome project, regardless
of whether contamination is suspected. We, consequently, recommend that all genome
sequencing projects routinely create taxon-annotated GC-coverage plots. Similarly,
visualization in anvi'o is immensely powerful, not only to detect different organisms but also
to reveal different genome compartments within a single organism. Although the full
functionality of this tool cannot yet be exploited for eukaryotic projects, anvi'o already
benefits eukaryotes [20], as also illustrated in this study.

Executive summary

The authors illustrated the use of two available software programs, BlobToolKit and anvi'o, to
resolve a fungal genome from a contaminated genome sample.

A de novo and a reference-assisted approach were implemented to identify different organisms
within the mixed assembly.

Both approaches followed that of a low-complexity metagenomics project and used various
techniques to filter the raw reads and identify genome bins.

Efficacy of the filtering process was evaluated through comparison with an uncontaminated
genome sequence of the target organism.

BlobToolKit provides a taxonomy-based filtering method without the need to identify other
available sequence data, but it tends to be conservative.

The effect of various de novo and reference-assisted filtering techniques can be visualized in
anvi'o, and a consensus of these results can be extracted to produce a filtered assembly.
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Using reference sequences for filtering is not essential but improves the completeness of the
final filtered genome assembly.

A high-quality draft fungal assembly can be obtained from an inadvertently mixed genome
sample.
Visualizing assemblies should be routine in all genome sequencing projects.

To view the supplementary data that accompany this paper please visit the journal website at:
www.future-science.com/doi/suppl/10.2144/btn-2021-0097
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