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Organelle
● It is subunit within a cell

○ has a specific function
● Some types of organelles have own genomes

○ Mitochondria
○ Chloroplasts



Mitochondria
● Cellular organelles within eukaryotic cells

○ Convert chemical energy from food into adenosine triphosphate (ATP)
○ The popular term "powerhouse of the cell" was coined by Philip Siekevitz in 1957

Mitochondrial DNA - Wikipedia



Nuclear Genome vs. Mitochondrial Genome

Source:https://www.fbi.gov/about-us/lab/forensic-science-communications/fsc/july1999/dnalist.htm/dnaf1.htm



Why sequence the mitogenome?

https://blog.23andme.com/ancestry/haplogroups-explained/

● Inferring human population migrations
○ Single nucleotide polymorphisms in mitochondrial genome have long been used for tracking 

human migration



Why sequence the mitogenome?

Tuppen, Helen AL, et al. "Mitochondrial DNA mutations and human disease." Biochimica et Biophysica Acta (BBA)-Bioenergetics 1797.2 (2010): 113-128.

● Plays Important role in disease
○ Mitochondrial DNA mutations have also been associated with human diseases



Why sequence the mitogenome?

https://dps.mn.gov/divisions/bca/bca-divisions/forensic-science/Pages/dna-mitochondrial.aspx

● Useful tool in forensic sciences
○ Mitochondrial DNA analysis can be a useful tool in forensics, especially when a crime scene 

sample contains degraded DNA not suitable for nuclear DNA tests



Why sequence the mitogenome?

Kurabayashi, Atsushi, and Masayuki Sumida. "Afrobatrachian mitochondrial genomes: genome reorganization, gene rearrangement mechanisms, 
and evolutionary trends of duplicated and rearranged genes." BMC genomics 14.1 (2013): 633.

● Species tree reconstruction
○ Mitochondrial genome sequences can be used for evolutionary studies of non-model species 

for which nuclear genomes are not yet available
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Mitochondrial DNA Isolation
● Mitochondrial DNA can be experimentally separated from the nuclear DNA 

and sequenced independently 
○ protocols are laborious.



Long-read WGS Data
● Organelle_PBA [Soorni et al 2017]

○ High coverage required (> 50x) & relatively high cost of long-read sequencing make this 
approach uncommon



Off-the-shelf de Novo Genome Assembly Tools
● Use short reads

○ Most abundant type WGS data

● Fail to generate high quality mitochondrial genome sequences
○ A large difference in copy number (and hence sequencing depth) between the mitochondrial 

and nuclear genomes

● Recent example:
○ Pyxicephalus adspersus (African bullfrog)

wikipedia



Most Mitogenome Assembly Tools
● Categories:

○ Reference-based
■ MToolBox [Calabrese, et al 2014]

○ Seed-and-extend
■ MITObim [Hahn at el 2013]  and NOVOPlasty [Dierckxsens at el 2017]

○ De Novo
■ plasmidSPAdes [Antipov et al 2016] and Norgal [Al-Nakeeb et al 2017]



MToolBox 
input:

1. Raw data or prealigned reads
2. A mitogenome reference 

genome
3. A nuclear reference genome

It cannot be used for non-model 
organisms



NOVOPlasty

Input: 1)Raw reads 2) insert size 3) read length 4) mitogenome size range

5) a seed sequence (coi gene)

It has difficult handling repetitive 
regions present in some 
mitochondrial genomes



Norgal
Input:

Raw reads

It can have prohibitive running times 
and may still fail to reconstruct 
complete mitogenomes  particularly 
in the presence of repeats shared 
between the nuclear and organelle 
genomes
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SMART
Statistical Mitogenome Assembly with RepeaTs

● Input:
1. Paired-end WGS reads
2. Seed sequence (COI gene)

● Output:
○ Complete/circular mitogenome (or largest scaffold)



SMART Workflow



Seed Selection



Seed Selection
● Cytochrome c oxidase subunit 1 (COI) gene has been selected as a “DNA 

barcode” for taxonomic classification
● Barcode of Life Datasystem (BOLD) has > 1.4M public barcodes from 

118,358K animal species

http://www.boldsystems.org/



Adapter Detection and Trimming



Adapter Detection and Trimming

● Automatic detection of adaptors and trimming using Perl/C++ modules from 
the IRFinder package

Middleton, Robert, et al. "IRFinder: assessing the impact of intron retention on mammalian gene expression." Genome biology 18.1 (2017): 51.



Random Read Re-sampling



Coverage-based Read Filtering



k-mers Counts

K-mers Counts

K-mers Index 

Counting number of 
times unique kmers 
appear in Bootstrap 
sample

Generating unique 
kmers that appear in 
the seed sequence

Generating all kmers 
with Hamming 
distance one of the 
seed k-mers

Look up

Update counts Update 
counts



Two-component Gaussian 
mixture model to the 
one-dimensional 
distribution

COI K-mers Counts Distribution



k-mers Counts

Unique kmers appear 
in Bootstrap sample

Good k-mers 



Good k-mers 

Reads with one sequencing 
error are kept



Preliminary Assembly
https://en.wikipedia.org/wiki/Velvet_assembler



Preliminary Contig Filtering



Preliminary Contig Filtering

•Contigs aligned against a local database eukaryotic mitogenomes 
using nucleotide-nucleotide BLAST

• Keep contigs that have hits with E-value of 10-10 or less



Alignment-based Read Filtering



Alignment-based Read Filtering

• Using HISAT2
• Fast and sensitive aligner for NGS reads

• Pulls out the read pairs that have at least one of the reads aligned



Secondary Assembly



Scaffolding



Scaffolding

•Eulerian paths evaluated using likelihood  model implemented in 
ALE [Clark et al 2013]



ALE likelihood

• Placement scoring:
• How well read sequences agree with the assembly

• Insert scoring:
• How well PE insert lengths match those we would expect

• Depth scoring:
• How well depth at each location agrees with depth expected after GC-bias 

correction

• K-mer scoring:
• How well k-mer counts of each contig match multinomial distribution 

estimated from entire assembly

https://academic.oup.com/bioinformatics/article/29/4/435/199222



Clustering



Clustering

• Process repeated for n bootstrap samples
• Pairwise distances computed using fitting alignment

• Rotation invariant 

• Direction invariant

Bootstrap A Bootstrap B



Clustering

• If bootstrap A is longer than bootstrap B, we duplicate the longest 
sequence.

• Use the both shortest sequence and its Watson-Crick complement 

B

A A

B

A A



Clustering

• Using hierarchical clustering on the edit distance matrix

• A consensus sequences is generated for each cluster



Annotation



MITOS annotation



Galaxy Interface @
neo.engr.uconn.edu/?toolid=SMART

http://neo.engr.uconn.edu/?toolid=SMART
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Datasets
● Human datasets
● Non-Human datasets



Human WGS and WES datasets



Non-Human WGS datasets



Assessment of 
read filtering 
accuracy for 
human 
datasets with 
2.5-25M read 
pairs



Assembly accuracy 
comparison on human 
datasets

The percentage identity is typeset 
in bold if the reconstructed 
sequence was a complete circular 
genome.



Effect of the seed Length and Similarity on Read 
Filtering Accuracy and Assembly



Effect of the seed Length and Similarity on Read 
Filtering Accuracy and Assembly

datasets with 2.5M-25M 
read pairs randomly 
selected from WGS run 
ERR020236

The percentage identity is typeset 
in bold if the reconstructed 
sequence was a complete circular 
genome.



SMART assembly accuracy for non-human datasets

All are circular except Rana temporaria
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Conclusions

• SMART is an automated pipeline for de novo mitogenome assembly 
from WGS reads

• Based on statistical framework
• Probabilistic read classifier based on coverage
• Likelihood maximization for resolving ambiguities in assembly graph
• Assembly confidence estimated by bootstrapping

• Produces complete/circular assemblies even from low-coverage WGS 
data

• Available via galaxy interface at neo.engr.uconn.edu/?toolid=SMART

• SMART paper is under review

https://neo.engr.uconn.edu/?toolid=SMART
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Multi-sample Coverage based Read Filter
● Using more than one samples in a SMART run



Multi-sample Coverage based Read Filter
● 1KGP “HG00675” has two runs 

○ SRR593357
○ SRR593484 

Run ID Read Count Library Layout Library Strategy Library Source Library Selection

SRR593357 2,137,487 Paired WGS Genomic Random

SRR593484 2,132,673 Paired WGS Genomic Random



Multi-sample Coverage based Read Filter
COI K-mers Counts Distribution of Two Samples



Multi-sample Coverage based Read Filter
Run ID Num of reads pairs Filter TPR PPV F-Score

SRR593357 2,137,487 Coverage-based 0.426 0.408 0.263

Multi-sample 1 0.386 0.386

SRR593484 2,132,673 Coverage-based 0.770 0.505 0.439

Multi-sample 1 0.399 0.399



Multi-sample Mitogenome Assembly 
● We plan to use ALLPATHS-LG assembler
● We plan to generate mitogenome sequence of Pyxicephalus adspersus 

(African bullfrog):
○ We plan to use two WGS libraries with two different insert sizes: 180 bp, and 550 bp.
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Codon Usage Bias Read Filter

Codon Usage Database:https://www.kazusa.or.jp/codon/



Codon Usage Bias Read Filter
● For each read

○ Calculating score for each (Open reading frames) ORF using bellow equation if codon is non 
stop; otherwise, a large negative number will be given to stop codon. 

○ We normalizing the score by k number of codons in each ORF



Preliminary results of read filter accuracy 
comparison on datasets with 2.5M-25M read pairs 
randomly selected from WGS run ERR020236
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Orphan Mitogenomes Project
● Some of NCBI organisms have neither complete nor partial mitogenomes in 

NCBI
● Example,

○ 235 paired-end WGS data of mammals in NCBI have no complete/partial mitogenomes.



Automatically Choosing Needed # Read Pairs

Run ID #Read Pairs Library Layout Library Strategy Library Source Library Selection

ERR3316150 120,578,311 Paired WGS Genomic Random

● Pipistrellus pipistrellus



Automatically Choosing Needed # Read Pairs



Results
We plan to submit these mitogenomes to GenBank as Third Party 
Annotation (TPA) sequence.
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Mitochondrial DNA Forensics
● Reconstructing mitochondrial DNA sequences from heterogeneous samples
● The more contributors are in mixture DNA sample, the more complicated 

analyzing of the mixture will be



Steps
1. Aligning mixture DNA fastq file to the reference mtDNA sequence
2. SNV calling
3. Generating incompatibility conflict graph 
4. Run at tool (ReFHap) for Max-cut 
5. Generating one consensus mtDNA sequence from each partition.
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Plants organelles Assembly
● Circular organelles in Plants:

○ Mitochondria
○ Chloroplasts

● Plants organelle genomes are much larger than in animals
● Mitochondrial genome sizes in plants are between 200,000 and 2,000,000 bp
● 90% of these larger plants mitochondrial DNA sequences are introns and 

repeated sequences
● Chloroplasts genomes range size is between 120,000 and 170,000



Thank You for Your Attention
Any questions?


