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Outline

• A brief background

• What is bioinformatics, really?

• The central dogma in molecular biology

• The rise of omics fields and data

• A sneak peak on some databases

• Statistical challenges: data structure and analysis
• More examples on how statistics contributes in solving

biological problem

1 Phylogenetic tree for investigating SARS-CoV-2
2 Hidden Markov model for sequence merging
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A (not so) brief background

Shofi Andari joined the Dept. of
Statistics FSAD-ITS in 2013 as a
teaching staff and is a member of
Lab. Statistika Lingkungan dan
Kesehatan.
She started to pursue her Ph.D.
at Bioinformatics and Computa-
tional Biology (BCB) Program,
under home department in Dept.
of Statistics, Iowa State U of
Science and Technology, Ames,
IA, USA since Fall 2017 with a
DIKTI Funded-Fulbright Foreign
Program scholarship.
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A (not so) brief background cont’d
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About Bioinformatics and Computational Biology
(BCB) Program

Figure 1: Molecular Biology Building (MBB) at Iowa State University
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BCB Program at Iowa State U: ∼20 departments

• an interdepartmental program (interdisciplinary)

• participated by ∼20 departments in the university

• Agronomy

• Animal Science

• Astronomy Physics

• Biochemistry

• Ecology, Evolution, and
Organismal Biology

• Chemistry

• Biophysics and Molecular
Biology

• Veterinary Pathology

• Biomedical Sciences

• Statistics

• Mathematics

• Computer Science

• Electrical and Computer
Engineering

• more on https://www.

bcb.iastate.edu/

Shofi Andari Stats Online Seminar #02: Statistical perspective in BCB 5 / 83

https://www.bcb.iastate.edu/
https://www.bcb.iastate.edu/


BCB Program at Iowa State U: the people (some of

them)

Shofi Andari Stats Online Seminar #02: Statistical perspective in BCB 6 / 83



What is bioinformatics, really?

Figure 2: Disciplines building bioinformatics (but not limited to these
fields!)
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What is bioinformatics, really? cont’d

• ”.. an interdisciplinary field involving computational biologists,
computer scientists, mathematical modelers, systems
biologists, and statisticians exploring different facets of the
data ranging from storing, retrieving, organizing and
subsequent analysis of biological data.” (Morris, 2017)

• ”.. is the data science of biology”

Shofi Andari Stats Online Seminar #02: Statistical perspective in BCB 8 / 83



What is bioinformatics, really? cont’d

• ”.. an interdisciplinary field involving computational biologists,
computer scientists, mathematical modelers, systems
biologists, and statisticians exploring different facets of the
data ranging from storing, retrieving, organizing and
subsequent analysis of biological data.” (Morris, 2017)

• ”.. is the data science of biology”

Shofi Andari Stats Online Seminar #02: Statistical perspective in BCB 8 / 83



What is bioinformatics, really? cont’d

Computational biology

• ”.. is translating and framing biological problems into
computational problems (i.e., algorithms, math model
derivations)”
• Often times, bionformatics and computational biology are

used interchangeably.
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The central dogma in molecular biology

Figure 3: The central dogma of genes to protein (Ritz2018)
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The central dogma in molecular biology cont’d

Figure 4: Mendel’s flower color gene provides instructions for a protein
that helps make colored molecules (pigments) in flower petals (Hellens
(2010), Reece (2011), www.khanacademy.org)
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The rise of omics data

Figure 5: Different networks emerging from the central dogma
(Franklin2011)
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The rise of omics data cont’d

Figure 6: Four main omics fields can be distinguished: genomics (DNA),
transcriptomics (mRNA), proteomics (proteins) and metabolomics
(metabolites)
(http://ch4eo.info/research/omics/)
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The rise of omics data: the history

Figure 7: Progressive advance in omic-sciences (Manzoni, 2018)
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The rise of omics data: walk of fame

Figure 8: Whole-genome sequencing (WGS) historic lane, from bacteria
to human (en.wikipedia.org)
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The rise of omics data: the falling cost

Figure 9: Advances in the field of genomics have led to substantial
reductions in the cost of genome sequencing
(https://www.forbes.com/sites/kenberman/)
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The rise of omics data: the trend

Figure 10: Volume of DNA information in GenBank
(https://www.ncbi.nlm.nih.gov/genbank/statistics/)
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Statistical challenges
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Statistical challenges: data structure and analysis

• Where to access the (benchmark) data sets (if there is any)?

• Let’s talk about genomics data: DNA and/or RNA sequences

• Statistical bioinformatics
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A sneak peak on some databases

Figure 11: A few of bioinformatics labs on the globe
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A sneak peak on NCBI
• National Center for Biotechnology Information (NCBI)

website: https://www.ncbi.nlm.nih.gov/

• formed in 1988 as a complement to the activities of the
National Institutes of Health (NIH) and the National Library
of Medicine (NLM)

• paramount of bioinformatics data bank and tools
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NCBI website cont’d
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NCBI website: journal papers

Shofi Andari Stats Online Seminar #02: Statistical perspective in BCB 23 / 83



NCBI website: BLAST
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NCBI website: databases
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A sneak peak on EMBL - EBI
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A sneak peak on EMBL - EBI cont’d
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A sneak peak on GISAID

• .. a global science initiative and primary source for genomic
data of influenza viruses and the novel coronavirus 2019.

• HQ: Munich, Germany

• Website: https://www.gisaid.org/

(Elbe, 2016, doi:10.1002/gch2.1018)
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A sneak peak on GISAID cont’d
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A sneak peak on GISAID cont’d
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DNA/RNA sequencing: high-throughput sequencing

Figure 12: Illumina MiSeq
(https://scientificservices.eu/item/illumina-miseq-next-generation-sequencer/5538)
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DNA/RNA sequencing: how do they do it?

Figure 13: DNA sequencing: amplification, cycle, and base-calling
(Whiteford, 2009; Metzker, 2009)
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DNA sequences data format: FASTQ format

Figure 14: Paired-end sequencing results: FASTQ files
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DNA sequences data format cont’d

Figure 15: An example of FASTQ files
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DNA sequences data format: FASTA format

Figure 16: An example of FASTA files

Shofi Andari Stats Online Seminar #02: Statistical perspective in BCB 35 / 83



Features of genomic data

• Data heterogeneity (various types of data is hard to create a
comprehensive view of studies ⇒ integrative methods are
necessary (Ren, 2015))

• Large scale data integration

• High volume data

• Uncertainty (i.e., due to genetic variants)

• Data curation

• Data sharing

• Dynamic and subject to change

Slide courtesy to Nadeem Akhter.
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Statistical challenges: statisticians’ perspective

• The advent of high-throughput multi-platform genomics
technologies ⇒ highly structured big data

• Bioinformatics is necessarily interdisciplinary in nature:
clinical, biological, computational, data management,
mathematical modeling, and statistical knowledge and skills

• One of the key attributes that sets statisticians apart from
other quantitative scientists is their understanding of
variability and uncertainty quantification

(Morris, 2017)
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Statistical challenges: statisticians’ perspective cont’d

With the basis of statisticians as data scientists:

• sampling design decisions

• multi-step processing algorithms

• reductionistic feature extraction

• inferential reasoning

• design algorithms to search high-dimensional spaces

• build predictive models while obtaining accurate measures of
their predictive accuracy

(Morris, 2017)
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What does it take to be a statistical
bioinformatician?

The basic!

• collecting data and experiment design

• descriptive statistics and data visualization

• randomness and probability concept

• estimation: point and interval, MoM, MLE, exponential
family, RBT, UMVUE, FI, CRLB

• hypothesis testing: type I and II errors, test statistics, power
and sample calculations, NPL, LRT

• simulations
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What does it take to be a statistical
bioinformatician? cont’d

• Gene mapping and association studies: clustering, maximum
likelihood estimations, QTL/eQTL, linear models
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What else?

• Gene regulatory network & multi-omics data integration: gene
expression ⇐ heatmap, feature extraction (PCA, PLS)
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What else? cont’d

• High-throughput data processing: genome assembly,
alignment
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What else? cont’d

• Evolutionary genomics: clustering concept, Bayesian
framework, CTMC

Charles Darwin’s sketches is considered to be the first
metaphor of a tree to represent evolutionary relationships.
(Image source: Wikimedia Commons.)
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What does it take to be a statistical
bioinformatician? cont’d

Softwares:

• R, Python

• Web resources

Further readings:

• Handbook of Statistical Genomics - Balding, 2019

• A Guide to QTL Mapping with R/qtl - Broman, 2009

• Statistical Contributions to Bioinformatics: Design, Modeling,
Structure Learning, and Integration - Morris, 2017

• Orchestrating high-throughput genomic analysis with
Bioconductor - Huber, 2014

Shofi Andari Stats Online Seminar #02: Statistical perspective in BCB 44 / 83



More examples on how statistics contributes in
solving biological problem

1 Phylogenetics tree for tracing the origin of SARS-CoV-2

2 Paired-end sequences alignment via pair-hidden Markov model
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Phylogenetics tree for tracing the origin of
SARS-CoV-2
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Figure 17: SARS-CoV-2 has a shape like a dandelion, but ...
(Image source: CDC/Alissa Eckert & Dan Higgins)
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Phylogenetics tree for SARS-CoV-2 cont’d

Figure 18: Covid-19’s spread around the globe (https://nextstrain.org/)
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Phylogenetics tree for SARS-CoV-2 cont’d

Figure 19: Covid-19’s spread around the globe (https://nextstrain.org/)
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Phylogenetics tree for SARS-CoV-2 cont’d

Figure 20: Covid-19’s spread around the globe (https://nextstrain.org/)
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Phylogenetics tree for SARS-CoV-2 cont’d

Figure 21: Covid-19’s spread around the globe : radial phylogenetic tree
(https://nextstrain.org/)
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Phylogenetics tree for SARS-CoV-2 cont’d

Figure 22: Covid-19’s spread around the globe: rectangular phylogenetic
tree (https://nextstrain.org/)
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Phylogenetics tree for SARS-CoV-2: INA cases
Revisiting GISAID home page:
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

Samples from Indonesia (26 submissions)

4 labs submitting SARS-CoV-2 from Indonesia: Eijkman Institute,
Litbangkes RI, Mochtar Riady Institute (UPH), and ITD UNAIR.
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

Details of the first row:
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

Continuing the details of the first row:
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

Multiple sequence alignment:
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

Choosing model and distance matrix:

• Jukes-Cantor (JC69): equal base frequencies, all substitutions
equally likely

• Felsentein (F81): variable base frequencies, all substitutions
equally likely

• Hasegawa-Kishino-Yano (HKY): variable base frequencies, one
transition rate and one transversion rate

• Kimura-2params (K80): equal base frequencies, one transition
rate and one transversion rate

• General time reversible (GTR): variable base frequencies,
symmetrical substitution matrix

More on substitution models: http://evomics.org/resources/

substitution-models/nucleotide-substitution-models/
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

Choosing model and distance matrix:

• Jukes-Cantor (JC69): equal base frequencies, all substitutions
equally likely

• Felsentein (F81): variable base frequencies, all substitutions
equally likely

• Hasegawa-Kishino-Yano (HKY): variable base frequencies, one
transition rate and one transversion rate

• Kimura-2params (K80): equal base frequencies, one transition
rate and one transversion rate

• General time reversible (GTR): variable base frequencies,
symmetrical substitution matrix

+ Gamma dist (G) / proportion of invariable sites (I): describing
rate variation among sites in a sequence.
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

Choosing model and distance matrix on R (packages: phylogram,

phangorn, seqinr)
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

Choosing model and distance matrix on R
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Phylogenetics tree for SARS-CoV-2: INA cases cont’d

The tree:
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Phylogenetics tree for SARS-CoV-2: the tree, the
meaning

A rooted tree with 3 tips and 2 nodes
(Hall & Colijin, 2019: doi:10.1093/

molbev/msz058)

https://nextstrain.org/help/general/how-to-read-a-tree
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Phylogenetics tree for SARS-CoV-2: the tree, the
meaning cont’d

https://nextstrain.org/help/general/how-to-read-a-tree

Studying the variability among the sequences (e.g., due to random
mutations) ⇒
• tracking the spread of the pathogen,

• learning its transmission routes and dynamics.
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Paired-end sequences merging via pair-Hidden
markov model
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Illumina’s paired-end reads

Figure 23: DNA sequencing: amplification, cycle, and base-calling
(Whiteford, 2009; Metzker, 2009)
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Illumina’s paired-end reads cont’d

• All Illumina NGS systems are capable of paired-end sequencing

Figure 24: Illumina’s single-end vs. paired-end sequencing, c©Illumina
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Merging PE reads: why it matters?
• Merging PE reads can substantially improve various

subsequent bioinformatics processes, including genome
assembly, binning, mapping, annotation, and clustering for
taxonomic analysis (Bushnell, 2017).

• Existing tools:

• SHERA (Rodrigue et al. 2010)
• FLASH (Magoc and Salzberg 2011)
• COPE (Liu et al. 2012)
• PANDAseq (Masella et al. 2012)
• PEAR (Zhang et al. 2014)
• AdapterRemoval v2 (Schubert, Lindgreen, and Orlando 2016)
• MeFiT (Parikh et al. 2016)
• NGmerge (Gaspar 2018)

All of these methods either ignore the quality scores or
assume all nucleotides are equally likely.

• What we are seeking: a merging tool that could provide
accurate merged sequences (and fast!)
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Illumina’s paired-end reads: finding overlap

Figure 25: Illumina paired-end sequencing
(Source: https://seekdeep.brown.edu/illumina paired info.html)
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Merging PE reads: an illustration

Obtaining a final (merged) sequence via alignment

Quantifying Q-scores: https:

//support.illumina.com/help/BaseSpace_OLH_009008/Content/

Source/Informatics/BS/QualityScoreEncoding_swBS.htm
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Merging PE reads: an illustration cont’d

Obtaining a final (merged) sequence via alignment

Should consider gaps in the alignment to represent
insertions/deletions (indels).
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Merging PE reads: an illustration cont’d

The thing about sequence alignment...

Suppose the reverse read does not match as good as our previous
illustration.
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Merging PE reads: an illustration cont’d

The thing about sequence alignment...

Is it a good alignment?
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Merging PE reads: an illustration cont’d

The thing about sequence alignment...

How about this one?
We introduce a gap after the first match.
It can be ”costly”, but now we have more matches.
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PE merging via pair-HMM cont’d

M2M1 M3

D1 D2
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Merging PE reads: pair-HMM approach
The blue fragment here is the reference.
Sadly, we do not always have the reference (genome). In fact,
these FASTQ files are going to be used to rebuild the genome
(genome assembly).
Nucleotide pairing in R1j and W 2j = observable state
Nucleotide pairing in the alignment = hidden state
⇒ pair-hidden Markov model (Rabiner, 1989; Durbin, 1998).

Figure 26: Alignment between forward and reverse read
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Courtesy to Prof. Mardia (Dept. of Statistics, Uni-
veristy of Leeds, UK) at the 2006 LASR Conference

”Statisticians need to be more open, more ready to learn molecular
biology, more computationally aware, more ready to understand
databanks, ...

But above all, we always need great scientist friends!!
This all is a part of solving great questions in life sciences of
taming the nature and immortality, etc!”
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https://www.iscb.org/iscbacademy-webinars
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https://www.iscb.org/ismb2020-registration

https://eccb2020.info/

Shofi Andari Stats Online Seminar #02: Statistical perspective in BCB 79 / 83

https://www.iscb.org/ismb2020-registration
https://eccb2020.info/


https://www.iscb.org/recomb-regsysgen2020

https://www.iscb.org/rocky2020
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https://giw2020.ncku.edu.tw/
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https://www.apbionet.org/

international-conference-on-bioinformatics-2020-incob2020/
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Terima kasih.

shofi.andari@statistika.its.ac.id
shfandari@gmail.com
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