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Abstract
Optical mapping approaches are widely preferred and applied in different branches of genomic studies
because of their accuracy, low cost, and high e�ciency. In the current study, a sequence orientation of the
Fusarium oxysporum f. sp. melongenae (FOMG) genome that is deposited in GenBank NCBI under
accession number MPIL00000000 was used as the reference genome, which we checked with Bionano
Genomics (BNG) optical mapping approaches. BNG optical mapping produced 103 contigs, the longest
of which was 3.05 Mb. The N50 value of BNG contigs is 0.85 Mb. The sequences of the FOMG reference
genome and BNG optical map mainly match each other. Results obtained in the current study indicate
that BNG optical mapping can be used to construct complete and gapless assemblies of the FOMG
genome. It also can be applied to validate a previous genome assembly.

1. Introduction
Eggplant (Solanum melongena, 2n = 24) is an economically important vegetable crop, especially in warm
and tropical climate locations. Comparable to tomatoes in total nutritional value, it is a rich source of
various vitamins and minerals [1]. FOMG is the causal agent of fusarium wilt on eggplant, and it is one of
the most important and widespread fungal diseases that limit the production of eggplant around the
world [1–4]. This disease reported in Japan [5], Kenya [6], the Netherlands [7], USA [8, 9], Italy [10], Greece
[11], Korea [12], Spain [13], China [14], and Turkey [1, 2, 15]. This disease arises under suitable
environmental conditions, and eggplants that are affected by this fungus present with characteristic
vascular wilt symptoms that primarily consist of slight vein clearing and chlorosis of the leaf on the outer
lea�ets. The leaves turn yellow and eventually fall off. Discoloration of xylem is observed in the following
period and �nally the above-ground parts of the eggplant die [1]. Control of this disease is very di�cult,
and the fungus can spread widely and remain in the soil for years. Furthermore, suppression of this
fungus is di�cult due to the limited availability of recommended registered fungicides [1]. Therefore,
control of fusarium wilt requires the development of FOMG-resistant eggplant varieties.

Having su�cient information about the genetic structure of a pathogen is the most important
requirement for developing resistant varieties. Recent genetic research on FOMG has bene�ted from a
partially ordered draft genome sequence assembly that was uploaded to GenBank from the National
Center for Biotechnology Information (NCBI) since in 2017 [16]. However, there are some limitations in
these currently available data, and these limitations are usually the direct results of two typical genomic
properties: (i) too many repetitive and transposable elements [17], and (ii) signi�cantly decreased meiotic
recombination frequency in pericentromeric regions [18]. The F. oxysporum genome contains core and
lineage-speci�c regions [19]; core regions are conserved in all strains of F. oxysporum, while lineage-
speci�c regions generally include high numbers of repetitive and transposable elements [17, 20, 21].
These elements can cause severe mis-orientation of the genome sequences from the raw data sequences
generated from the sequencing process [22]. They also restrict the contiguity of whole genome
assemblies to kilobase (kb)-sized sequences that originate from low copy regions of the FOMG genome.
Therefore, detailed research on the repetitive and transposable elements of the FOMG genome has not
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been conducted. To address these genome assembly problems while improving the quality of sequence
data, an approach that combines long reads and optical mapping can be used.

Optical mapping involves the physical mapping of a genome. It produces high-resolution restriction maps
that generate the correct genome orientation by comparing genome sequences. To construct a high-
resolution sequence motif map, this approach uses the distance between restriction sites [22] Optical
mapping is also more precise because its output is based on a physical consequence. Optical mapping,
combined with de novo assembly, can determine the actual orientation of genome contigs. Thus, this
combination of techniques can predict the position and size of gaps [22]. Optical mapping approaches
have also been applied in the analysis of the structural variation of the human genome [23, 24].
Therefore, the objective of the current study was to check the sequence orientation of the FOMG genome
using optical mapping approaches.

2. Materials And Methods

2.1. Fungal Isolate and High-Quality Megabase-Sized DNA
Extraction
Pathogenic strains of FOMG were isolated from infected vascular tissues of eggplant collected from
Menemen, Izmir (Turkey). A highly virulent single-spore isolate (FOMG109) was selected for the study. We
followed the protocol of Zhang et al. [25], with some minor modi�cations, to extract high-quality
megabase-sized DNA from FOMG109. Fungal DNA was extracted from a total of 20 g mycelia that were
obtained from seven days old culture grown on half-strength potato dextrose agar (Detroit, MI, USA).
Inocula from this culture were transferred aseptically to 55 ml potato dextrose broth (Detroit, MI, USA) and
shaken in an Orbital shaker at ∼110 rpm and 28°C for six days. The mycelia were separated by vacuum
�ltration through sterilized �lter paper in a Buchner funnel. After 20 g of FOMG109 mycelium is obtained,
intact nuclei from this fungal tissue was prepared following the method of option-A in the protocol of
Zhang et al. [25] and this nuclei was embedded in agarose plugs (low melting point) [25]. Finally, high-
quality megabase-sized DNA was extracted from these agarose plugs [25] and stored in tris-EDTA (TE)
buffer solution for further analyses. Purity of this extracted DNA was visually assessed by electrophoresis
using 1% agarose gel.

2.2. Map Assembly via BioNano Genomics
The nicking endonuclease enzyme, Nt.BspQ1 [(GCTCTTC), (New England BioLabs, Ipswich, MA, USA)]
was preferred in order to nick DNA of FOMG at particular sequence motifs. These nicked molecules of
FOMG were �rst labeled and then stained following the steps of IrysPrep Reagent Kit (BioNano Genomics,
CA, USA) as de�ned in the protocol of Luo et al. [26]. Irys platform of BioNano Genomics was used in
order to construct optical map of the FOMG genome. Prepared samples were loaded onto the IrysChip
nano channel array (BioNano Genomics) and run. This loaded DNA was �rst linearized then imaged
automatically by this platform (BioNano Genomics). In order to construct single molecule maps and
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following to de novo assemble them into consensus physical maps, the software package of the IrysView
(BioNano Genomics) was used. AutoDetect software was utilized in order to provide data about length
information of DNA and also basic labelling. Using this software, the data of the raw DNA molecules that
smaller than 20 kb were converted into .bnx �les. Assembly pipeline of BioNano Genomics [27] was used
to aligned, clustered, and assembled all DNA molecules that passing quality control and also > 180 kb.
The thresholds of P value were used as 2 × 10− 8 for pairwise assembly stages, 1 × 10− 9 for
extension/re�nement stages, and 1 × 10− 15 for �nal re�nement stages [27]. Finally, constructed BNG
maps of FOMG were controlled if there are any potential chimeric contigs of BNG.

2.3. Sequences of FOMG from NCBI
The most recent draft genome of FOMG [16] was obtained from GenBank NCBI under the accession
number MPIL00000000 was used as a reference genome.

2.4. Comparison between the Sequence-Map and the Map-
Map
To compare the previously published FOMG draft genome with the optical map, sequences from both
maps were digested in silico with Nt.BspQ1 using Knickers software. Sequence assemblies of the BNG
maps were aligned using RefAligner and the alignments were visualized using BioNano Genomics
software. Finally, snapshots of these alignments were saved using IrysView software
(http://www.bionanogenomics.com/support/software-updates/).

3. Results

3.1. BNG Map Assemblies of the FOMG Genome
The optical map of the FOMG genome was generated using BNG technology. FOMG DNA molecules were
nicked using Nt.BspQ1 nickase, and the resulting nicks were �uorescently labeled. An electric force was
applied to stretch the DNA molecules linearly, and then �nally, all images were assembled into BNG
contigs and maps. The assembly consists of 103 contigs, and the longest BNG contig measures 3.05 Mb.
The N50 value of the BNG contig, which is 0.85 Mb.

The completed FOMG optical map encompasses 15 chromosomes, corresponding to the haploid
chromosome (chr) number of FOMG. All contigs measure 72.27 Mb, and after removing all the overlaps,
the BNG map of the FOMG genome is 57.7 Mb long. Table 1 presents the length/bp of each
chromosome. The largest chromosome is chr1 (6,854,690 length/bp), while the smallest chromosome is
chr14 (1,646,465 length/bp) (Table 1). The number of nucleotides in the overlapping regions were
356,780 N/bp (on chr13, Table 1) and 3,513,368 N/bp (on chr3, Table 1). A previous sequence assembly
[16] contains 15 chromosomes and other supercontigs, in which 11 chromosomes (chr 1, 2, 4, 5, 7–13)
were aligned and validated with BNG contigs. We were unable to align the remaining four chromosomes
(chr 3, 6, 14, and 15) to any BNG contig (Table 1). The N% values of chr 3, 6, 14, and 15 are over or close
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to 50 N% (Table 1). Meanwhile, the lengths of chr 8, chr 13, and the supercontig of the BNG map were
longer than their corresponding sequences of the reference genome, and the lengths of the other
chromosomes were shorter (Fig. (1)).

Table 1
BNG optical map assembly statistics.

Chr no Length/bp N/bp N%

1 6,854,690 1,051,052 15.33

2 5,577,240 1,023,310 18.35

3 5,634,985 3,513,368 62.35

4 5,212,573 714,061 13.70

5 4,914,122 589,784 12.00

6 4,589,925 2,727,290 59.42

7 4,347,021 509,107 11.71

8 3,984,385 496,665 12.47

9 3,304,589 417,227 12.63

10 2,896,789 478,094 16.50

11 2,337,129 530,429 22.70

12 2,233,399 594,541 26.62

13 1,751,495 356,780 20.37

14 1,646,465 949,319 57.66

15 2,434,630 1,206,684 49.56

Total 57,719,437 15,157,711  

The sequences in the BNG map are compared in Fig. (1). In general, there are 15 chrs and other
supercontig in the reference sequence assembly of Dong et al. [16] of which 11 chromosomes can be
aligned with a high degree of similarity and validated with BNG contigs, while the other four
chromosomes (chr 3, 6, 14, and 15) could not be aligned with any other BNG contigs (Fig. (1)).

4. Discussion
Short-read sequencing techniques have made it affordable to study the genetics and the genomes of
various species [28]. However, the short sequence lengths obtained using these techniques make it
di�cult to assemble sequencing reads of the most complex and repetitive regions of the genome,
resulting in collapsed and fragmented genome assemblies [28]. Therefore, assemblies based on short-
read sequencing are limited in the accuracy of downstream analyses such as the identi�cation of
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genomic variations [29]. Several methodologies, such as next generation sequencing (NGS) and recently
developed algorithms, have been developed to overcome this problem, it has been di�cult to completely
eliminate the shortcomings of short-read length sequencing [24]. The power of NGS lies in its capacity to
generate a huge volume of reads. However, because these reads are rather short, it is impossible to
resolve the assembly of many families of repetitive DNA elements that populate fungal genomes.
Moreover, fungal genome sequencing is also hampered by the wrong orientation of assembled contigs.

The recent development of long-read sequencing methods, such as optical mapping, have enabled the
spanning of most repeats and the generation more complete and correct genome assemblies [30]. Optical
mapping techniques have been performed extensively in genomic studies on human diseases, animals,
plants, and microorganisms [24]. In the original version of the method, high molecular weight DNA
molecules were cleaved on an open glass surfaces and then imaged on �uorescence microscopy [31].
The image from the �uorescence microscopy help to order the partially digested molecules, which is
called optical map. The genomic sequence of an organism from de novo sequencing is align on to image
and therefore sequence information is placed in correct order of optical map [32]. Using these techniques,
it is possible to detect errors in the arrangement and structure of contigs, even if the organism’s genome
contains distinct repetitive regions [33]. Therefore, optical maps are an ideal means of �nishing fungal
sequence assembly because in most cases, the restriction regions cover repetitive regions [18] such as
retrotransposons [20]. Relying on the currently published complete genome sequences that are stored at
NCBI may be risky because such sequences likely contain assembly errors [22]. In current study, BNG
technology was used to generate an optical map of FOMG and verify contigs. We demonstrated that
short-read sequencing assembly could generate some assembly errors within the FOMG genome (Table 1,
Fig. (1)). Thus, by utilizing more uniform linearization, BNG technology highly improves the throughput
and accuracy of genome length prediction. Moreover, by using nicking enzymes to generate only single-
strand breaks, this approach preserves the contiguity of molecules more than other optical mapping
technologies [24].

Dong et al. [16] reported that the size of the FOMG reference genome is 53.9 Mb, with an N50 value of
0.56 Mb. However, optical mapping indicates a genome size of 57.7 Mb with an N50 value of 0.85 Mb
(Table 1). The difference in sequence length may be due to errors in the assembly of the draft genome,
which was produced by the Genome Québec (Montreal, Canada) platform [16]. These errors were
corrected by BNG mapping to ensure the e�cient use of the data. Support of our results, previous studies
have indicated that the length of the optical map of FOMG is slightly different from that of the assembled
genome [23, 34]. Although the length differences is often attributed to repetitive regions of the genome,
they may also result from poor the quality of the assemblies using both sides of the comparison [23]. The
supercontig BNG map was obtained from a few genomic sequences that were aligned onto the
supercontig. This is likely because previously sequenced FOMG DNA was not derived from high
molecular weight DNA (Fig. (1)).

We obtained a high N50 value of 0.85 Mb, indicating that a high percentage of the BNG optical map
aligned with the reference map. The N50 value de�nes how much of an assembly is consists of



Page 7/11

segments larger than a given size where "N" is the size of the scaffold or contig and "50" is the assembly
length percentage [23]. Solely genome assemblies with mega-base scale N50s can be veri�ed performing
optical mapping technology because contigs/scaffolds smaller than 100 kb usually do not have
su�cient nick knowledge to be securely aligned [23].

In the current study, each DNA sequence was converted into a restriction map format to match the
sequence with the BNG map contigs. As seen in Fig. (1), correct matches between the nick patterns of the
BNG map contigs and the reference DNA sequence con�rms the base pair distances between nick sites in
the DNA sequence. Mismatched regions of the genome may be due to the poor quality of the assemblies
of the reference genome.

5. Conclusion
BNG optical mapping of the FOMG genome was completed in the current study. The genome sequence of
FOMG that deposited into the GenBank NCBI under the accession number MPIL00000000 and BNG
optical map mainly match each other. On the other hand, it is still un-sequenced genomic regions exist in
the FOMG genome. Current sequence order of FOMG genome deposited into GenBank NCBI is not in right
order. This error is likely due to the presence of highly repetitive elements distributed throughout the
genome, causing wrong genome assembly. Usage of megabase-sized DNA as sequencing material is
important to enable the coverage of the entire genome. After completing the assembly of genome
sequences, the completed genome should be aligned with the optical map.
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Comparisons of sequences to the BNG map. The green box is a BNG contig (~6.5Mb), blue boxes are
sequences, the red lines within boxes are restriction sites, and the red lines between green and blue boxes
indicate matches. The potential chimeric points in each sequence are indicated by red arrows and the
original sequence name is the �gure title.


