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Genome assembly

✤ A genome is the complete genetic information of an 
organism or a cell.

Tyagi et al., 2020. Plants.

✤ Single or double stranded nucleic 
acids store this information in a 
linear or in a circular sequence. 



Comparative transcriptomics

✤ A transcriptome is the full range of RNAs, or mRNA, 
molecules expressed by an organism, tissue or cell.

Molecular Biology of the Cell 6th edition - Alberts

✤ The transcriptome actively changes, 
varies depending on many factors, 
including stage of development and 
environmental conditions. 

✤ To precisely determine these 
sequences (genome and 
transcriptome), sequencing 
technologies have been developed. 



Sequencers

✤ Sequencers generate sequences, known as reads, 
comprised only in defined ranges of lengths, usually far 
shorter than the size of the genomes investigated.

PacBioOxford NanoporeIllumina



Genome or transcriptome assembly

✤ The complete genome (or transcript) sequence has to be 
deduced from the overlaps of these shorter fragments, a 
process defined as de novo genome/transcriptome assembly

PacBio Oxford Nanopore Illumina



Timeline illustrating the major 
genome assembly achievements

Giani et al., 2020. Computational and Structural Biotechnology Journal.

 Light red: early sequencing methods, Yellow: Sanger-based shotgun 
sequencing, Green: SGS, Light blue: TGS.

pb = base pair / kbp = 1,000 pb / Mbp = 1,000,000 pb / Gbp = 1,000,000,000 pb



Second-Generation Sequencing (SGS) 

✤ SGS platforms have been developed 
to address larger genomes, in a 
process called Whole Genome 
Sequencing (WGS).

Modified from https://www.biocompare.com/Molecular-Biology/9187-Next-
Generation-Sequencing/



Second-Generation Sequencing (SGS) 

✤ Classical lib prep protocol:

✤ DNA fragmentation

✤ Fragment size selection

✤ Adapters are ligated to the ends of each 
fragment

✤ Step of DNA amplification

✤ Library is loaded on a flow cell and sequenced 
in Massive Parallel Sequencing reactions 

Modified from https://www.biocompare.com/Molecular-Biology/9187-Next-
Generation-Sequencing/



SGS: Illumina sequencing

http://www.3402bioinformaticsgroup.com/service/



SGS: Illumina sequencingGenomic DNA is randomly fragment 
and adaptors are annealed to the ends 

of sequence fragments

http://www.3402bioinformaticsgroup.com/service/



SGS: Illumina sequencing
Fragments bind to the flow cell and 
bridge PCR reactions amplify each 

bound fragment to produce clusters 
of fragments

http://www.3402bioinformaticsgroup.com/service/



SGS: Illumina sequencing
Fragments bind to the flow cell and 
bridge PCR reactions amplify each 

bound fragment to produce clusters 
of fragments

http://www.3402bioinformaticsgroup.com/service/



SGS: Illumina sequencing
Illumina use sequencing by 

synthesis technology in which 
one fluorophore attached 

nucleotide is added each cycle, 
polymerase-mediated 

incorporated to the growing 
strands immobilized on a surface

http://www.3402bioinformaticsgroup.com/service/



SGS: Illumina sequencing
Laser excites the fluorophores in 
all the fragments that are being 
sequenced and an optic scanner 

collects the signals from each 
fragment cluster.

http://www.3402bioinformaticsgroup.com/service/



SGS: Illumina sequencing

https://www.youtube.com/watch?v=fCd6B5HRaZ8&t=54s



SGS: Illumina sequencing

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/complementary-dna

Modified from https://www.biocompare.com/Molecular-Biology/9187-Next-
Generation-Sequencing/



SGS features

✤ Allowed cost-effective and rapid sequencing of many genomes

✤ Very accurate

✤ High throughput

✤ Polymerase-mediated

✤ Requiers PCR amplification

✤ Short reads

 Determination of complex 
genomic regions

 Isoform detection

 Methylation detection



Third-Generation Sequencing (TGS)

✤ Technologies capable of sequencing single molecules 
in real time without amplification

✤ These technologies allow to produce reads far longer 
than SGS, each spanning several to hundreds kbps.

PacBio Oxford Nanopore



Third-Generation Sequencing (TGS)

✤ Long read sequencing technology offers simplified 
and less ambiguous genome assembly

4

De novo assembly aims to reconstruct the original genome sequence from the set of reads, 
for example when there is no reference genome available or a researcher prefers to avoid 
potential bias that could arise from using an imperfect reference. Generally, the first step is to 
find overlaps between the reads and build a graph to describe their relationship.  

Several approaches have been used for this purpose, 
including Greedy extension, de Bruijn graphs, and 
Overlap Layout Consensus (OLC) (Figure 1). The graph 
is then simplified and a consensus is extracted. A key 
step in this process is the assembly of contiguous, 
uninterrupted stretches of overlapping DNA, so-called 
contigs. As detailed in the next section, long-read 
sequencing technology offers many advantages for both 
de novo and alignment-based genome assembly.

De novo assembly

Long-read sequencing technology 
offers simplified and less 
ambiguous genome assembly.

Figure 1 
A schematic showing how 
long-read sequencing 
can deliver simplified, 
less ambiguous genome 
assembly. Long reads (solid 
arrows) have greater overlap 
with other reads than is 
provided by short reads 
(dashed arrows), allowing 
more accurate assemblies, 
especially in repeat regions 
(R). Image adapted from 
Schatz (2014)3. 

Long reads

Short reads
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Until recently, cost-effective generation of large amounts of sequence data could only be 
performed using short-read (<300 bp) sequencing technologies; however, nanopore-based 
sequencing can process very long DNA fragments (current record 2.3 Mb)4 to create long 
reads, which deliver a number of significant benefits.

Ease of assembly 

The longer a sequencing read, the more overlap it will 
have with other reads. As such, it is much easier to 
assemble the DNA fragments back into the correct order. 
This can be visualised much like a jigsaw; the larger the 
pieces, the easier the puzzle (Figure 2). 

Advantages of long-read 
sequencing for genome 
assembly

Long-read nanopore sequencing 
offers easier assembly and the ability 
to span repetitive genomic regions. 

Figure 2
Like a jigsaw puzzle with 
large pieces, long-read DNA 
is much easier to assemble 
than short-read DNA. The 
Escherichia coli genome 
comprises 4.6 million bases, 
which would equate to 
92,000 fragments of 50 bp 
or just 9 fragments of 500 kb 
in length.

~ 50 base-pair read
~ 92,000 “pieces”

~ 500,000 base-pair read
~ 9 “pieces”

Facility to span repetitive genomic regions 

Most genomes contain significant amounts of repetitive 
DNA (e.g. transposons, satellites, gene duplications). As 
the short reads produced by traditional next generation 
sequencing (NGS) technology may not span each given 
repetitive region, the resulting genome assemblies can 

be highly fragmented2,5. Long-read sequencing 
technologies have a significant advantage here as the 
reads generated are more likely to span the full repetitive 
region, allowing the creation of accurate genome 
assemblies with minimal gaps (Figures 2 and 3). 

Long-read nanopore sequencing 
offers easier assembly and the ability 
to span repetitive genomic regions. 

https://nanoporetech.com/sites/default/files/s3/white-papers/genome-assembly-white-paper-oct19.pdf

✤ Whole-genome assembly — solving the puzzle ✤ Long reads (solid arrows) have greater overlap 
with other reads than is provided by short 
reads (dashed arrows), allowing more accurate 
assemblies, especially in repeat regions (R).

1 - Ease of assembly



Third-Generation Sequencing (TGS)

https://nanoporetech.com/sites/default/files/s3/white-papers/genome-assembly-white-paper-oct19.pdf

2 - Facility to span repetitive genomic regions & large structural variation 

 



Third-Generation Sequencing (TGS)

Given a set of contigs, the N50 is defined as the sequence length of the 
shortest contig at 50% of the total genome length.
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Third-Generation Sequencing (TGS)

The higher the contig N50 value, the more contiguous the assembly.
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PacBio Sequencing

✤ Single Molecule, Real-Time (SMRT) Sequencing is the 
core technology powering these long-read sequencing 
platforms. 

Sequel II System ✤ SMRT uses the natural 
process of DNA replication



PacBio SMRT Sequencing

https://www.pacb.com/wp-content/uploads/introduction-to-pacbio-highly-accurate-long-read-sequencing.mp4



PacBio SMRT Sequencing

https://www.pacb.com/wp-content/uploads/introduction-to-pacbio-highly-accurate-long-read-sequencing.mp4



PacBio SMRT Sequencing

✤ A SMRTbell diffuses into a well, and the adaptor binds to a polymerase 
immobilized at the bottom. Each SMRT cell contains 150,000 well.

✤ Each of the four nucleotides is labeled with a different fluorescent dye so that 
they have distinct emission spectrums.



PacBio SMRT Sequencing

https://www.youtube.com/watch?v=_lD8JyAbwEo&t=10s



PacBio SMRT Sequencing

https://www.pacb.com/wp-content/uploads/introduction-to-pacbio-highly-accurate-long-read-sequencing.mp4



PacBio SMRT Sequencing

https://www.pacb.com/wp-content/uploads/introduction-to-pacbio-highly-accurate-long-read-sequencing.mp4



PacBio SMRT Sequencing

https://www.pacb.com/wp-content/uploads/introduction-to-pacbio-highly-accurate-long-read-sequencing.mp4



SMRT Sequencing Applications

https://www.pacb.com/wp-content/uploads/introduction-to-pacbio-highly-accurate-long-read-sequencing.mp4



Variant detection

✤ PacBio long-read sequencing enables comprehensive detection of all variant types.



RNA sequencing

https://www.pacb.com/wp-content/uploads/Application-Brief-RNA-sequencing-Best-Practices.pdf

✤ The Iso-Seq® method allows users to generate 
full-length cDNA sequences up to 10 kb in length 
— with no assembly required — to confidently 
characterize full-length transcript isoforms.



RNA sequencing

✤ The Iso-Seq® method allows users to generate 
full-length cDNA sequences up to 10 kb in length 
— with no assembly required — to confidently 
characterize full-length transcript isoforms.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/complementary-dna



RNA sequencing

https://www.pacb.com/wp-content/uploads/Application-Brief-RNA-sequencing-Best-Practices.pdf

✤ The Iso-Seq® method allows users to generate 
full-length cDNA sequences up to 10 kb in length 
— with no assembly required — to confidently 
characterize full-length transcript isoforms.



Targeted Sequencing

https://www.pacb.com/applications/targeted-sequencing/no-amp-targeted-sequencing/

No amplification targeted sequencing



Targeted Sequencing

https://www.pacb.com/applications/targeted-sequencing/no-amp-targeted-sequencing/

No amplification targeted sequencing



Targeted Sequencing

https://www.pacb.com/applications/targeted-sequencing/no-amp-targeted-sequencing/

No amplification targeted sequencing



Epigenetics

✤ SMRT Sequencing directly detects epigenetic modifications by 
measuring kinetic variation during base incorporation. 

By capturing these modifications simultaneously with sequence data, this method eliminates the 
need for special sample preparation and additional sequencing. https://www.pacb.com/applications/epigenetics/eukaryotic/

Shi et al., 2017  Frontiers in Genetics DOI: 10.3389/fgene.2017.00100

https://www.pacb.com/applications/epigenetics/eukaryotic/


PacBio features

✤ PacBio improved assembly and determination of complex genomic regions, gene 
isoform detection, and methylation detection

✤ Single-molecule sequencing technology

✤ Generate real-time long read data (~10 Kb)

✤ Low throughput . There are 150,000 well on a single SMRT cell, each of which can 
produce one subread or CCS read. Typically, only 35,000–70,000 of the 150,000 wells 
on a SMRT cell produce successful reads 

✤ High error rate (around 11%–15%) 

✤ Based on fluorescence detection and Sequencing by Synthesis. It worked similar to 
Illumina sequencers, but without any bridge amplification, thereby avoiding DNA 
amplification-associated biases.



PacBio features

✤ PacBio sequencing overcome many of the obstacles faced by SGS via providing 
longer read lengths, kinetic variation information, and shorter run times

✤ Yet the technology still has to improve other aspects:

1. the high error rate of raw single-pass data

2. better detection of epigenetic modification

3. read length

4. sufficient read depth

5. increase the rate of successfully loading a single polymerase in each well



Oxford Nanopore Technologies

https://nanoporetech.com

✤ Nanopore sequencing enables direct, real-time analysis of 
long DNA or RNA fragments.



Oxford Nanopore Technologies

https://nanoporetech.com



Oxford Nanopore Technologies

✤ Works monitoring changes to an electrical current as nucleic acids are passed 
through a protein nanopore.

✤ The resulting signal is decoded to provide the specific DNA or RNA sequence.
https://nanoporetech.com



Nanopore sequencing

A strand of DNA is passed through a nanopore. The current is changed as the bases G, A, T and C 
pass through the pore in different combinations.

✤ The technology works by passing an ionic current through the 
nanopores. As molecules such DNA or RNA move through the 
nanopore they produce a characteristic disruption on the current. This 
signal can be analyze in real time to determined the sequence of bases

https://nanoporetech.com



Oxford Nanopore Technologies

✤ The nanopore processes the length of DNA or RNA present to it.
✤ Read length = DNA/RNA length
✤ Not polymerase dependent

https://nanoporetech.com



Oxford Nanopore Technologies

✤ An enzyme motor controls the translocation of the DNA/RNA through the 
nanopore.

✤ Once the molecule has passed through, the motor protein detaches and the 
nanopore is ready to accept the next fragment https://nanoporetech.com



Oxford Nanopore Technologies

✤ An electrically resistant membrane means all current must pass through the 
nanopore, ensuring a clean signal

https://nanoporetech.com



Oxford Nanopore Technologies

✤ Library preparation results in the addition of a sequencing adapter and motor 
protein at each end if the fragment

https://nanoporetech.com



Nanopore sequencing

✤ Nanopore analyze the entire fragment of DNA/RNA, so the read length is 
directly related to the length of the DNA/RNA in the sample (>2Mb)

✤ Long read provide more unambiguous approach to mapping reads enabling 
too much simple assemblies

https://nanoporetech.com
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Nanopore sequencing

✤ Nanopore analyze the entire fragment of DNA/RNA, so the read length is 
directly related to the length of the DNA/RNA in the sample (>2Mb)

✤ Long read provide more unambiguous approach to mapping reads enabling 
too much simple assemblies

https://nanoporetech.com



RNA sequencing 

✤ Characterize and quantify full-length RNA transcripts, splice 
variants, and fusions

✤ Accurately analyze differential gene expression and transcript usage.
✤ Sequence native RNA directly, without amplification or reverse 

transcription, and identify base modifications.

4

Obtaining and analysing full-length 
transcripts 

High-throughput RNA sequencing approaches often 
encounter difficulties with the generation of full-length 
transcripts, mostly due to premature termination of 
reverse transcription10. When using an oligo-dT primer, 
this could be reflected in an over-representation of 3' 
transcript ends at the expense of complete sequences11. 
A mitigation to this problem is presented by the reverse 
transcriptase ‘template-switching’ method used for 
full-length transcript enrichment12. However, due to the 
fragmentation required by most traditional sequencing 
methods, accurate assembly of complete transcripts is 
still difficult, especially where a read maps to more than 
one location (e.g. highly conserved stretches of 
sequence) (Figure 1). 

With nanopore technology, entire fragments are 
sequenced, regardless of their length. Hence, a full-
length cDNA can be sequenced as a single fragment, 
reducing significantly multiple-locus alignment issues 
later on (Figure 1). The technology allows for the 
template-switching method to reach its maximum 
potential, as demonstrated in a study by 
Oikonomopoulos et al.13, where 90.8% of their nanopore 
reads were of full-length transcripts. Importantly, the use 
of the template-switching protocol is not a prerequisite 
for obtaining full-length transcripts with nanopore 
sequencing, as shown in an investigation by Hargreaves 
and Mulley14 where 88% of the reads represented 
full-length transcripts. Long reads provided by nanopore 
sequencing devices range from 1–100s kb, making the 
identification of full-length transcripts and de novo 
transcriptome assembly easier than using traditional 
sequencing platforms.

Transcriptome analysis 
challenges

Figure 1  
Assembly of full-length transcripts with short reads and nanopore long reads.

Ground 
truth 

transcripts

Ground truth transcripts

Gene A Gene B

Short reads 
mapping to 

gene A and B

Nanopore 
reads mapping 

to A and B

Highly conserved domain
Short reads
Nanopore reads

https://nanoporetech.com



RNA sequencing 

✤ Characterize and quantify full-length RNA transcripts, splice 
variants, and fusions

✤ Accurately analyze differential gene expression and transcript usage.
✤ Sequence native RNA directly, without amplification or reverse 

transcription, and identify base modifications.

https://nanoporetech.com



RNA sequencing 

https://nanoporetech.com



RNA sequencing 

Direct RNA Sequencing Kit
Sequencing RNA directly

PCR-cDNA Sequencing Kit
Full-length transcript analysis with high throughput

✤ RT optional
✤ Sequencing adapter attached
✤ Read length reflects RNA length
✤ Epigenetic modifications

✤ RT and PCR amp
✤ Sequencing adapter attached
✤ Read length reflects RNA length

https://nanoporetech.com



Targeted sequencing

https://nanoporetech.com/sites/default/files/s3/white-papers/structural-variation-white-paper-oct19.pdf



Benefits of Nanopore technology



SGS vs TGS

Modified from https://www.macrogen.com.au/system-3/#tab-id-3



SGS vs TGS

Modificado de https://www.pacb.com/blog/the-evolution-of-dna-sequencing-tools/attachment/short-reads-and-hifi-reads-genome-assembly-comparison/



SGS vs TGS

SGS TGS

Length Short read Long read

PCR amplification Required Optional

Throughput High Lower

 Error rate Low Higher

Velocity Low Real-time

Hybrid assemblies



Assembly algorithms 

2010-Schatz
https://www.bio21.unimelb.edu.au/humpty-dumpty-program-bandage-helps-piece-dna-sequences-back-together-again-and-wins-2015-iawards



Chromosome-level scaffolding of de novo 
genome assemblies.  

Giani et al., 2020. Computational and Structural Biotechnology Journal.



Trypanosoma cruzi

Trypanosoma cruzi is a protozoan parasite belonging to the order Kinetoplastida that causes Chagas 
disease, a neglected parasitic disease that affects 6–7 million people worldwide and is transmitted 

to humans and animals mainly by Triatomine insect vectors



Kinetoplastids genomes



Trypanosoma cruzi genome

✤ Despite trypanosomatids genomes are quite small, their 
assembly and annotation has been challenging due to 
the abundance of repetitive sequences.

✤ ~ 50 % of the genome is composed by repetitive sequences

✤ Long read sequencing technology

     (PacBio & Oxford Nanopore)

Pita, Díaz-Viraqué, Iraola, Robello. Genome Biology and Evolution. 2019



Could ONT and PacBio improve T. 
cruzi genome assembly?

✤ Whole-genome assembly using Illumina, PacBio and 
ONT



T. cruzi genome assembly with PacBio

Berná et al.  Microbial Genomics. 2018

Comparison between chr30P from CL Brener with TCC and Dm28c contigs reported using long reads. These Ns 
regions were fully resolved in Dm28c and TCC assemblies.

Improvements:
1: Determine sequences filled by Ns in others alignments (in green)

PacBio

PacBio

CLBrener



T. cruzi genome assembly with PacBio

Repetitive sequences clusters, which were collapsed in the previous assembly, now 
are disaggregated into the actual copy number

Improvements:
2: Determined the full sequence of large clusters of repetitive sequences
Uncollapsed repetitive sequences (showed in orange)

PacBio

CLBrener

Uncollapsed repetitive sequencesNew sequence

Undetermined sequences filled by Ns in previous assemblies

Berná et al.  Microbial Genomics. 2018



T. cruzi genome assembly with PacBio
Improvements:
3: Separate assembly the parental haplotypes and detect recombination

For TCC (the hybrid strain) we were able to assemble separately the parental haplotypes.

To test if homologous recombination events could be detected, the Illumina reads from 
Esmeraldo (one of the parental) were mapped to the genome. 

Berná et al.  Microbial Genomics. 2018



T. cruzi genome assembly with PacBio
Improvements:
3: Separate assembly the parental haplotypes and detect recombination

Putative recombination sites 
were identified.

Berná et al.  Microbial Genomics. 2018



T. cruzi genome annotation 
Multigene families

✤ The genes from a family were found in tandem and dispersed.

✤  The resolution of previously collapsed repetitive regions allowed us 
to visualize and measure the extent of the tandem arrays of genes

There are 5 times more gene tandems of 4 genes in TCC than those identified previously.

Berná et al.  Microbial Genomics. 2018



Berenice
Berenice is the first T. cruzi strain isolated 
from a patient, so it has epidemiological 
and historical relevance.



Strategy

Two genomes assemblies
(MaSuRCA)

Using short reads
from Illumina

Combining Illumina 
short reads with

Nanopore long readsIllumina assembly

Hybrid assembly



Summary of genome assemblies

Hybrid genome assembly Illumina genome assembly
Assembly features

Number of contigs 923 46,821

Largest contig 926,516 26,836
Size (bp) 40,801,262 25,004,252
GC (%) 51.20 48.67
N50 156,193 659
N75 40,889 333
Number of contigs (>= 50,000 pb) 160 0

Annotation 

Coding genes 14,032 4,282
Non-coding genes 456 148
Transposable elements 388 4

Completness

Complete BUSCOs eukaryote 206 (68 %) 147 (48.5 %)
Fragmented BUSCOs eukaryote 19 (6.3 %) 62 (20.5 %)
Missing BUSCO eukaryote 78 94
Complete BUSCOs protis 121 (56.74 %) 61 (28.84 %)
Fragmented BUSCOs protis 1 1
Missing ports 93 (43.25 %) 153 (71.16 %)

Díaz-Viraqué et al. 2019 Genome Biology and Evolution



Summary of genome assemblies

Hybrid genome assembly Illumina genome assembly
Assembly features

Number of contigs 923 46,821

Largest contig 926,516 26,836
Size (bp) 40,801,262 25,004,252
GC (%) 51.20 48.67
N50 156,193 659
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Number of contigs (>= 50,000 pb) 160 0

Annotation 
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Non-coding genes 456 148
Transposable elements 388 4

Completness

Complete BUSCOs eukaryote 206 (68 %) 147 (48.5 %)
Fragmented BUSCOs eukaryote 19 (6.3 %) 62 (20.5 %)
Missing BUSCO eukaryote 78 94
Complete BUSCOs protis 121 (56.74 %) 61 (28.84 %)
Fragmented BUSCOs protis 1 1
Missing ports 93 (43.25 %) 153 (71.16 %)

51-fold decrease in contig 
number

Díaz-Viraqué et al. 2019 Genome Biology and Evolution



Summary of genome assemblies

Hybrid genome assembly Illumina genome assembly
Assembly features

Number of contigs 923 46,821

Largest contig 926,516 26,836
Size (bp) 40,801,262 25,004,252
GC (%) 51.20 48.67
N50 156,193 659
N75 40,889 333
Number of contigs (>= 50,000 pb) 160 0

Annotation 

Coding genes 14,032 4,282
Non-coding genes 456 148
Transposable elements 388 4

Completness

Complete BUSCOs eukaryote 206 (68 %) 147 (48.5 %)
Fragmented BUSCOs eukaryote 19 (6.3 %) 62 (20.5 %)
Missing BUSCO eukaryote 78 94
Complete BUSCOs protis 121 (56.74 %) 61 (28.84 %)
Fragmented BUSCOs protis 1 1
Missing ports 93 (43.25 %) 153 (71.16 %)

~1 Mb vs ~26 Kb

Díaz-Viraqué et al. 2019 Genome Biology and Evolution



Summary of genome assemblies

Hybrid genome assembly Illumina genome assembly
Assembly features

Number of contigs 923 46,821

Largest contig 926,516 26,836
Size (bp) 40,801,262 25,004,252
GC (%) 51.20 48.67
N50 156,193 659
N75 40,889 333
Number of contigs (>= 50,000 pb) 160 0

Annotation 

Coding genes 14,032 4,282
Non-coding genes 456 148
Transposable elements 388 4

Completness

Complete BUSCOs eukaryote 206 (68 %) 147 (48.5 %)
Fragmented BUSCOs eukaryote 19 (6.3 %) 62 (20.5 %)
Missing BUSCO eukaryote 78 94
Complete BUSCOs protis 121 (56.74 %) 61 (28.84 %)
Fragmented BUSCOs protis 1 1
Missing ports 93 (43.25 %) 153 (71.16 %)

Nanopore increase 
~16 Mb in assembly size

Díaz-Viraqué et al. 2019 Genome Biology and Evolution



Summary of genome assemblies

Hybrid genome assembly Illumina genome assembly
Assembly features

Number of contigs 923 46,821

Largest contig 926,516 26,836
Size (bp) 40,801,262 25,004,252
GC (%) 51.20 48.67
N50 156,193 659
N75 40,889 333
Number of contigs (>= 50,000 pb) 160 0

Annotation 

Coding genes 14,032 4,282
Non-coding genes 456 148
Transposable elements 388 4

Completness

Complete BUSCOs eukaryote 206 (68 %) 147 (48.5 %)
Fragmented BUSCOs eukaryote 19 (6.3 %) 62 (20.5 %)
Missing BUSCO eukaryote 78 94
Complete BUSCOs protis 121 (56.74 %) 61 (28.84 %)
Fragmented BUSCOs protis 1 1
Missing ports 93 (43.25 %) 153 (71.16 %)

N50: indicator of 
assembly quality

The higher, the better 

Díaz-Viraqué et al. 2019 Genome Biology and Evolution



Nanopore sequencing improves  
T. cruzi assembly contiguity and size

This improvement is evident looking at:

# contig: ~47,000 in the Illumina assembly
              ~900 in the hybrid assembly

Length distribution 

Nanopore increase the assembly size in 16 Mb
(1 Mb = 1 millón pb)

Díaz-Viraqué et al. 2019 Genome Biology and Evolution



Nanopore reads close Illumina gaps

To evaluate the contribution of Illumina and Nanopore data to close gaps, we 
separately aligned both types of reads to the hybrid assembly.

Modified from Jaworski et al. 2017 PLOS Pathogens



Coverage zero regions 

The number of coverage zero region was 
higher when Illumina reads were alined 

(n=3624) compare to Nanopore reads (n=54)

The longest coverage zero region  length 
was ~6,000 bp with Illumina reads while it 

decreased to ~2,000 bp with Nanopore 
reads.

Coverage zero regions: no read 
alignment in at least 6 consecutive 

positions

Each point represent a coverage cero region

Díaz-Viraqué et al. 2019 Genome Biology and Evolution
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Coverage zero regions

The number of coverage zero region was 
higher when Illumina reads were alined 

(n=3624) compare to Nanopore reads (n=54)

The longest coverage zero region  length 
was ~6,000 bp with Illumina reads while it 

decreased to ~2,000 bp with Nanopore 
reads.

Each point represent a coverage cero region

Coverage zero regions: no read 
alignment in at least 6 consecutive 

positions

Díaz-Viraqué et al. 2019 Genome Biology and Evolution



Example of a coverage zero region 
Nanopore & Illumina reads mapped to hybrid assembly

Nanopore reads uninterruptedly cover this genomic segment with a depth of ~20x while Illumina reads 
fail to resolve a region where coverage falls to zero, causing the break of contiguity in the assembly.

Díaz-Viraqué et al. 2019 Genome Biology and Evolution



Nanopore reads close Illumina gaps

There are a lot of zero regions in this contig when Illumina 
reads were mapped to hybrid assembly
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Nanopore reads improve 
completeness of repeated regions

We also evaluated the resolution of repeated regions analyzing the 
annotation of retroelements in both assemblies

Given that retroelements are very long (>5 Kb), if the genome is fragmented 
I expect that it would be difficult to find them complete. 

Repeated regions are completely fragmented in the Illumina assembly

Hybrid genome assembly Illumina genome assembly
Coding genes 14,032 4,282

Non-coding genes

tRNA 58

tRNA-Sec 1

5S rRNA 20

5.8S rRNA 7

SSU 10

LSU 10

snoRNA 345

snRNA 5

Transposable elements

CZAR 27 0

L1Tc 38 0

VIPER 50 0

NARTc 54 4

SIRE 80 0

TcTREZO 139

Hybrid assembly Illumina assembly
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Comparison with other “long read 
genomes”

Berenice becomes the best-quality assembly available for a member of TcII 
contributing to expand the known genetic diversity of T. cruzi and 

facilitating more accurate evolutionary inferences. 
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