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It is an exciting time to be in (to do research)!
There’s so much that | want to share with you



What is genomics?

There’s also these disciplines ...

Bioinformatics

Genomics Systems Biology?

“is an interdisciplinary field of biology focusing on the structure,

function, evolution, mapping, and editing of genomes.” (wiki) Computational Biology

Synthetic Biology

Biology?

Any others? How are they different?

1 https://irp.nih.gov/catalyst/v19i6/systems-biology-as-defined-by-nih

https://www.genome.gov/genetics-glossary/Bioinformatics



https://www.genome.gov/genetics-glossary/Bioinformatics
https://irp.nih.gov/catalyst/v19i6/systems-biology-as-defined-by-nih

Overlapping Fields
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Adapted from
https://www.youtube.com/watch?v=IJzybEXmIjO



https://www.youtube.com/watch?v=lJzybEXmIj0

Course focus

* Not an algorithm class (although . ;
. Bioinformatics ~ COMputational Biol ogy Systems
some need mentioned) Biology

* Not a data science class

* About nine weeks of omics, five
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weeks of practical class in R, one Developmentof = - - . .
k of dF-) - ’k : ethods forAnalysis -~ o g?é?ggsnudsﬁ;%y;:g
weeKk o ISCUSSION ONE WEEK 0 o B“? logu?f!/l_.")/a}g' -CB'\O\"(%'?‘-‘«: ----------------- approache_s e.g.,
exam p 5\1‘_\_&‘\_'_\9'9 ——————————— Genomics

Students are expected to learn the core understanding behind omic methods
and know where to start to integrate these approaches into their own research.

Grade
Based on attendance (20%), homework (30%) and final exam (50%) 5



Calculating the economic impact of the
Human Genome Project

Public funding of scientific R&D has a significant positive impact on the wider
economy, but quantifying the exact impact of research can be difficult to assess. A
new report by research firm Battelle Technology Partnership Practice estimates that
between 1988 and 2010, federal investment in genomic research generated an
economic impact of $796 billion, which is impressive considering that Human
Genome Project (HGP) spending between 1990-2003 amounted to $3.8 billion.
This figure equates to a return on investment (ROI) of 141:1 (that is, every $1
invested by the U.S. government generated $141 in economic activity). The report
was commissioned by Life Technologies Foundation.

https://www.genome.gov/27544383/calculating-the-
economic-impact-of-the-human-genome-project/



2000-2010s — Second generation sequencing and associated challenges

250 -
Wi
National Library of Medicine 49 L
THE SEQUENCE EXPLOSION @ et
For references and more information about this graphic please flip theiPad into portrait view.
2| Twenty Seven Years of Growth: R T ‘i‘:ﬂ Jm
NCBI Data and User Services 1 3 ey ""ll
$10,000 ey
3.0 250 ' .,.' = v,‘:,/-';{;i =
- | 3 , i/
5 | . T h -
o ===GenBank Sequences - o o
: —ueeme SEQUENCING made cheaper, faster and higher throughput =~
g o= A 20§ § | & HOWMANY 51,000 ,
® Commons z 2w I HumaN GENOMES?
g NIH Public Access o 5 . "
PubMed Central PubChem! x_qeb(:{izger - 7 [ DNA SEQUENCES
P " @ gy TAXONOMY
/ Genetic Testing - 4
Registry 1.0 : rl‘ﬁ,«’"g/
S0 Ge;‘::;:‘ Rrhidad / /] ClinVar 11| : Mo
/ 1000 Genomes (y—/«"’/";‘ s v /Gane seoucn;ce stored Int
1 Entrez e ' memstion| public dstadoses
BLAST OT._‘ E =
T R R R T T DY o
4] e r— ' T B ? (R e T 0.0 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
1589 1992 1995 1998 2001 2004 2007 2010 2013 2016

A brief history of bioinformatics
Jeff Gauthier, Antony T Vincent, Steve J Charette, Nicolas Derpme
http://www.nature.com/news/2010/100331/full/464670a.htmi Briefings in Bioinformatics (2018) https://doi.org/10.1093/bib/bby063

https://www.nlm.nih.gov/about/https://www.nlm.nih.gov/about/2018CJ.html



https://doi.org/10.1093/bib/bby063
http://www.nature.com/news/2010/100331/full/464670a.html
https://www.nlm.nih.gov/about/https:/www.nlm.nih.gov/about/2018CJ.html

Oxford Nanopore

Key SmidgIiON Flongle MiniON GridiION PromethiON
System Price TBC Included in $5K Included in $1K Included in $50K Included in $135K
Starter Pack Starter Pack Starter Pack Starter Pack
Number of channels 200 channels 128 channels 512 channels 5x9512 =2 .560* 48 x 3,000* =
144 000
Per flow cell TBC 1 -33Gb 17 -40 Gb 17 -40 Gb 125 -311 Gb

Current Data — Max Data

Per Device 85-200 Gb 3/6-20Tb

Current Data — Max Data

e Y EET T



Oxford Nanopore — how it works

Introduction to nanopore *
https://vimeo.com/297106166

Voltrax
https://vimeo.com/297106291

Sequencing for farmers Rainforest

https://vimeo.com/294216876 https://www.youtube.com/watch?v=6RRSxWtJPUw
@ Oceans From Extreme to everyday
https://vimeo.com/294744892 https://www.youtube.com/watch?v=tQ o007 36r8
Reference

https://nanoporetech.com/how-it-works

Nanopore Sequencing of Ebola Viruses Under Outbreak Conditions
https://www.youtube.com/watch?v=SYBzPEoENWI ; https://www.nature.com/articles/nature16996



https://vimeo.com/297106166
https://vimeo.com/297106291
https://vimeo.com/294216876
https://www.youtube.com/watch?v=6RRSxWtJPUw
https://vimeo.com/294744892
https://www.youtube.com/watch?v=tQ_oo7_36r8
https://nanoporetech.com/how-it-works
https://www.youtube.com/watch?v=SYBzPEoENWI
https://www.nature.com/articles/nature16996

Read length and capacity go beyond
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https://twitter.com/GrandOmics_Intl/status/1188724248480608257/photo/1



https://twitter.com/GrandOmics_Intl/status/1188724248480608257/photo/1

(Real) Completion of human genome

Earth’s heart of iron begins ’ Microglia in chronic pain recovery ! article acceleration *
to yield its secrets p.18 and relapse pp.33&86 o ina nova explosion p.77

“
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B Closing in on a complete
. = - human genome p.42

1

Nurk et al (2022) Science

Very repetitive sequences

STATISTICS GRCH38 T2T-CHM13 DIFFERENCE (+%)
Summary
Assembled bases (Gbp) 292 3.05 +4.5
Unplaced bases (Mbp) 11.42 0 -100.0
Gap bases (Mbp) 120.31 0 -100.0
Number of contigs 949 24 =975
Contig NG50 (Mbp) 56.41 154.26 +1735
Number of issues 230 46 -80.0
Issues (Mbp) 23043 818 -96.5
Gene annotation

Number of genes 60,090 63,494 +5.7

Protein coding 19,890 19,969 +0.4
Number of exclusive genes 263 3.604

Protein coding 63 140
Number of transcripts 228,597 233,615 +2.2

Protein coding 84,277 86,245 +2.3
Number of exclusive transcripts 1,708 6,693

Protein coding 829 2.780

Segmental duplications
Percentage of segmental duplications (%) 5.00 6.61
Segmental duplication bases (Mbp) 151.71 201.93 +331
Number of segmental duplications 24097 41528 +72.3
RepeatMasker

Percentage of repeats (%) 51.89 53.94
Repeat bases (Mbp) 1516.37 1,647.81 +8.7
Long interspersed nuclear elements 626.33 631.64 +0.8
Short interspersed nuclear elements 386.48 390.27 +1.0
Long terminal repeats 267.52 269.91 +0.9
Satellite 76.51 150.42 +96.6
DNA 108.53 109.35 +0.8
Simple repeat 36.5 77.69 +112.9
Low complexity 6.16 6.44 +4.6
Retroposon 451 4.65 +3.3
rRNA 021 171 +730.4
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Comment
12 Jan 2023
Nature Methods

www.nature.com/nmeth / January 2023 Vol. 20 No. 1

nature methods

Method of the Year 2022:
Long-read sequencing

Comment
12 Jan 2023
Nature Methods

Comment
12 Jan 2023
Nature Methods

Comment
12 Jan 2023
Nature Methods

Comment
12 Jan 2023
Nature Methods

https://www.nature.com/collections/eibbdadhga
Volume 20 Issue 1, January 2023 ; nature methods

Approaching complete genomes, transcriptomes and epi-omes with accurate long-
read sequencing
The year 2022 will be remembered as the turning point for accurate long-read sequencing, which now establishes the

gold standard for speed and accuracy at competitive costs. We discuss the key bioinformatics techniques needed to
power long reads across application areas and close with our vision for long-read sequencing over the coming years.

Sam Kovaka, Shujun Ou ... Michael C. Schatz

Comprehensive variant discovery in the era of complete human reference genomes

Advances in long-read sequencing technologies have broadened our understanding of genetic variation in the human
population, uncovered new complex structural variants and offered an opportunity to elucidate new variant
associations with disease.

Monika Cechova & Karen H. Miga

The variables on RNA molecules: concert or cacophony? Answers in long-read
sequencing

Long-read sequencing has become a widely employed technology that enables a comprehensive view of RNA
transcripts. Here, we discuss the importance of long-read sequencing in interpreting the variables along RNA
molecules, such as polyadenylation sites, transcription start sites, splice sites and other RNA modifications. In addition,
we highlight the history of short-read and long-read technologies and their advantages and disadvantages, as well as
future directions in the field.

Careen Foord, Justine Hsu ... Hagen U. Tilgner

Long-read sequencing in the era of epigenomics and epitranscriptomics

As long-read sequencing technologies continue to advance, the possibility of obtaining maps of DNA and RNA
modifications at single-molecule resolution has become a reality. Here we highlight the opportunities and challenges
posed by the use of long-read sequencing technologies to study epigenetic and epitranscriptomic marks and how this
will affect the way in which we approach the study of health and disease states.

Morghan C. Lucas & Eva Maria Novoa

Long-read metagenomics paves the way toward a complete microbial tree of life

E oo T T
il

- L il
E==a"REsEs."

Long-read sequencing has made closed microbial genomes a routine task, and the dramatic increase in quality and quantity now paves the way to a

complete microbial tree of life through genome-centric metagenomics.

Mads Albertsen

12
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First take home message: Sequencing are now much
cheaper, longer and more accurate



First take home message: Sequencing are now much
cheaper, longer and more accurate. We can now use
this to study biodiversity!
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=) % Kk Biodiversity (Biological Diversity)

The Biological Diversity Crisis

Despite unprecedented extinction rates, the extent of biological
diversity remains unmeasured

ertain measurements are crucial to our ordinary understanding of
the universe. What, for example, is the mean diameter of the Earth?
Itis 12,742 kilometers. How many stars are there in the Milky Way?
Approximately 10'. How many genes are there in a small virus

particle? There are 10 (in $X 174 phage). What is the mass of an electron? It is Edward O. Wilson
9.1 x 1072 grams. And how many species of organisms are there on Earth? (1929-2021)
We do not know, not even to ;he nearest order of magnitude. “Father of biodiversity”

BEE - BHA - BT
E.O.EHE#%

The Biological Diversity Crisis
https://www.jstor.org/stable/43310356



https://www.jstor.org/stable/43310356

Definition of term biodiversity

O ver the weekend, two of the country’s leading naturalists, E. O. Wilson and
Tom Lovejoy, died a day apart. Wilson, who was perhaps best known for his
work on ants, was a pioneer in the field of conservation biology; Lovejoy was one of
the founders of the field. The two men were friends—part of an informal network
that Wilson jokingly referred to as the “rain-forest mafia”—and there was something
eerie about their nearly synchronous passing. “I'm trying very hard not to imagine a
greater planetary message in the loss of these biodiversity pioneers right now,” Joel
Clement, a senior fellow at the Harvard Kennedy School’s Belfer Center for Science

and International Affairs, tweeted on Monday.

The two scientists first met in the mid-nineteen-seventies. At that point, Wilson was

in his mid-forties, and teaching biology at Harvard. Lovejoy, a dozen years younger,
was working for the World Wildlife Fund. Over lunch, they got to talking about
where the W.W.F. should focus its efforts. They agreed that it should be in the

Thomas Lovejoy
(1931-2021)

tropics, because the tropics are where most species actually live. There wasn’t a good (1929-2021)

Edward O. Wilson

term for what they were trying to preserve, so they tossed one around—"biological “Father of biodive rSity”
diversity”—and put it into circulation. “People just started using it,” Lovejoy recalled,

in an interview in 2015. (Later, the phrase would be shortened to “biodiversity.”)

https://www.newyorker.com/news/daily-comment/honoring-the-legacy-of-e-o-wilson-and-tom-lovejoy



https://www.newyorker.com/news/daily-comment/honoring-the-legacy-of-e-o-wilson-and-tom-lovejoy

Definition of term biodiversity

CHALLENGES TO THE PRESERVATION OF BIODIVERSITY
HUMAN DEPENDENCE ON BIOLOGICAL DIVERSITY
DIVERSITY AT RISK: TROPICAL FORESTS

DIVERSITY AT RISK: THE GLOBAL PERSPECTIVE

THE VALUE OF BIODIVERSITY

HOW IS BIODIVERSITY MONITORED AND PROTECTED?
SCIENCE AND TECHNOLOGY: HOW CAN THEY HELP?
RESTORATION ECOLOGY: CAN WE RECOVER LOST GROUND?
ALTERNATIVES TO DESTRUCTION

10 POLICIES TO PROTECT DIVERSITY

11. PRESENT PROBLEMS AND FUTURE PROSPECTS

BI 0 I) Iv E I{gi"l‘ ‘Y 12. WAYS OF SEEING THE BIOSPHERE

E. O. Wilson, Editor

WoONDURWN R

https://nap.nationalacademies.org/read/989/chapter/1



https://nap.nationalacademies.org/read/989/chapter/1

Biodiversity (= biological diversity)
definition

Biodiversity studies comprise the systematic examination
of the full array of different kinds of organisms together
with the technology by which the diversity can be main-
tained and used for the benefit of humanity. Current basic
research at the species level focuses on the process of
species formation, the standing levels of species numbers
in various higher taxonomic categories, and the phenom-
ena of hyperdiversity and extinction proneness. The major
practical concern is the massive extinction rate now
caused by human activity, which threatens losses in the
esthetic quality of the world, in economic opportunity,
and in vital ecosystem services.

PR Ehrlich and EO Wilson (1991) Science
https://www.science.org/doi/10.1126/science.253.5021.758
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https://www.science.org/doi/10.1126/science.253.5021.758

Biodiversity (= biological diversity)
definition

Biodiversity studies comprise the systematic examination
of the full array of different kinds of organisms together
with the technology by which the diversity can be main-
tained and used for the benefit of humanity. Current basic
research at the species level focuses on the process of
species formation, the standing levels of species numbers
in various higher taxonomic categories, and the phenom-
ena of hyperdiversity and extinction proneness. The major
practical concern is the massive extinction rate now
caused by human activity, which threatens losses in the
esthetic quality of the world, in economic opportunity,
and in vital ecosystem services.

PR Ehrlich and EO Wilson (1991) Science
https://www.science.org/doi/10.1126/science.253.5021.758
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https://www.science.org/doi/10.1126/science.253.5021.758

Nothing in biology makes sense exceptin
the light of evolution.
- Theodosius Dobzhansky

AREBE LR EYEN—
PIERER AN o

Charles Darwin’s notebook




Why should we care (loss of) biodiversity?

I WE CAN UNDERSTAND THESE COMPLEX SYSTEMS, (T WOULD HAVE A
LARGE IMPACT IN HOW WE INTERACT WITH THE NATURAL WORLD.

THERE ARE APPLICATIONS IN ....N CLIMATE SCIENCE AND
AGRICULTURE AND CROP PRODUCTIVITY... CARBON CYCLING...

« Ethics &=

o Esthetic =&

- Harnessing #Jf*

« Ecosystem functioning

:—ll—u\%ml Ah*

Phd comics
PR Ehrlich and EO Wilson (1991) Science




Biodiversity definition

Current Biology

Correspondence

How much
biodiversity is
concealed in the
word ‘biodiversity’?

Mammola et al (2023) Current Biology

Amidst a global biodiversity crisis’,

the word ‘biodiversity’ has become
indispensable for conservation and
management?. Yet, biodiversity is often
used as a buzzword in scientific literature.
Resonant titles of papers claiming to
have studied ‘global biodiversity’ may
be used to promote research focused
on a few taxonomic groups, habitats,
or facets of biodiversity — taxonomic,
(phylo)genetic, or functional. This
usage may lead to extrapolating results
outside the target systems of these
studies with direct consequences for
our understanding of life on Earth and
its practical conservation. Here, we

We found that as many as 22% of the
papers using the word ‘biodiversity’ in
the title did not measure biodiversity at
any level. This suggests that biodiversity
Is often used as a theoretical concept
rather than a measurable phenomenon?.

Across the remaining 661 papers, the
proportion of biodiversity investigated
by each study showed a highly skewed
distribution, with most studies sampling
a small proportion of biodiversity and
a long tail of comparatively few studies
sampling higher proportions (mean+SE:
3.86% +0.15%; mode: 1.78%; range:
1.78-44.64%:; Figure S2). The taxonomic
scope of papers has not increased in
recent years either (Figure 1A).



ORG.one (from Oxford Nanopore)

Our goal is to support rapid
sequencing of any critically
enﬂ-g@ered species,

anywhere;-by.z

VIDEO ABOUT HOW IT WORKS TAKE PART CASE STUDIES

https://www.youtube.com/watch?v=K83GJw69fTA (video ; around 5 minutes)


https://www.youtube.com/watch?v=K83GJw69fTA

Case Example: Biodiversity Genomics Europe

(launched 28t September 2022)

v -
: o'~ ‘(

AN OVERARCHING MISSION... C - {1
, y ,c*: Ay b ),
a_me. h

The Biodiversity Genomics Europe (BGE)
project has the overriding aim of accelerating

the use of genomic science to enhance ‘g ... WITH AN OVERARCHING APPROACH:
understanding of biodiversity, monitor

biodiversity change, and guide interventions

toaddressits decling. To support its delivery, BGE will bring together two

newly formed networks: BIOSCAN Europe, which
focuses on DNA barcoding, and the European
Reference Genome Atlas (ERGA), which focuses on
genome sequencing.

2ossAyy ERGA

EUROPEAN REFERENCE GENOME ATLAS

https://biodiversitygenomics.eu/ 24



https://biodiversitygenomics.eu/

Biodiversity in crisis

An estimated 25% of species are threatened with
extinction worldwide due to large-scale environmental
change*. Addressing this global biodiversity crisis
requires an understanding of the diversity of life on
Earth, how that diversity functions and interacts, and
how biodiversity responds to different environmental
pressures.

However, after centuries of research, an estimated 80%
of the world’s multicellular species still await scientific
discovery and description. Even for described species,
telling them apart is often difficult, and knowledge of
their distributions, variation, properties, inter-
dependencies, and conservation status remain patchy
and incomplete.

*(1PBES, 2019)

https://biodiversitygenomics.eu/
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Biodiversity in crisis

An estimated 25% of species are threatened with
extinction worldwide due to large-scale environmental
change*. Addressing this global biodiversity crisis

Key messages:

requires an understanding of the diversity of life on

Earth, how that diversity functions and interacts, and 1. To scale up the quantification of biological
how biodiversity responds to different environmental divers ity
pressures.

(communities, species, individuals)
However, after centuries of research, an estimated 80% 2. To scale up the coIIation Of metadata

of the world’s multicellular species still await scientific (ecolo distribution. metadata
discovery and description. Even for described species, sY, ! ’

telling them apart is often difficult, and knowledge of monitori ng)
their distributions, variation, properties, inter- ~To scale u o the Study of b|o|ogy

. Applications and conservations

W

dependencies, and conservation status remain patchy 4
and incomplete.

*(IPBES, 2019)

https://biodiversitygenomics.eu/ 26
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Topic one: Study biological diversity using genomes




Sequencing all genomes

»
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2 Darwin Tree of Life
s e -7, 4
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The Darwin Tree of Life project aims to sequUeEnes the gen
collaboration between biodiversity, genomi 5'&"- ana

CREATING A NEW FOUNDATION FOR BIOLOGY

Sequencing Life for the
Future of Life
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https://www.frontiersin.org/articles/10.3389/fpls.2017.00119/full

( Within species )

V Populations\

Whole genome
re-sequencing

A4

Genotyping-by-
sequencing

\ 4

(Reference genome alignment )

A4

Variant calling Phenotypic/

/

(Analyses of polymorphism)

Selection Gerle flow
scans
Reproductive mode &
demography

@ What factors shape
population structure?

& What genomic regions are
most differentiated among
populations?

@ What genomic regions show
signatures of selection?

\+Ecological data

(Association studies/)

QTL mapping

Environmental
association studies

@ What is the genetic basis of
phenotypic traits?

& What is the genetic basis of
local adaptation?
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Topic two: Study biological diversity using barcoding

DNA barcoding? Large barcoding?
Metabarcoding? Amplicons? What'’s the difference?

Note to self: two video talks at 20 minutes in total; + 5 mins in discussion?



Molecular identification of species — DNA barcode

Arthropoda
AR 12

L THE ROYAL Received 29 July 2002

Accepted 30 September 2002
SO C IETY Published online 8 January 2003

Chordata

Biological identifications through DNA barcodes

Paul D. N. Hebert , Alina Cywinska, Shelley L. Ball
and Jeremy R. deWaard I

Department of Zoology, Unwwersity of Guelph, Guelph, Ontario N1G 2W1, Canada

> 4
C5 Echinodermata

ML 1

. K . » s . v 3 ML 2
Although ml..lCh biological research deper}ds upon species dlagnose.s, taxonomlc efxpcfmse is Collapsullg. ML 3 . ](C:;::]‘;;‘:dm
We are convinced that the sole prospect for a sustainable identification capability lies in the construction ML 2 AN1

¢ > : : : AN?2 :

of systems that employ DNA sequences as taxon ‘barcodes’. We establish that the mitochondrial gene AN 3
cytochrome ¢ oxidase I (COI) can serve as the core of a global bioidentification system for animals. First,
we demonstrate that COI profiles, derived from the low-density sampling of higher taxonomic categories,
ordinarily assign newly analysed taxa to the appropriate phylum or order. Second, we demonstrate that
species-level assignments can be obtained by creating comprehensive COI profiles. A model COI profile,
based upon the analysis of a single individual from each of 200 closely allied species of lepidopterans, was —
100% successful in correctly identifying subsequent specimens. When fully developed, a COI identification
system will provide a reliable, cost-effective and accessible solution to the current problem of species
identification. Its assembly will also generate important new insights into the diversification of life and

ML 18
. . r ML 19] Mollusca
: L S— | )
the rules of molecular evolution B Pulmonata)

Annelida
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Mollusca
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Molecular identification of species — DNA barcode

DNA barcoding a useful
tool for taxonomists

Sir— The Consortium for the Barcode
of Life (CBOL; see www.barcoding.si.edu)
is an international initiative of natural
history museums, herbaria, other
biodiversity research organizations,
governmental organizations and private
companies which wish to promote the
development and use of DNA barcoding.
CBOL is in complete agreement with
the major point raised by M. C. Ebach and
C. Holdrege in Correspondence, that
“DNA barcoding is no substitute for
taxonomy” (Nature 434, 697; 2005).
CBOL views barcoding as a useful tool
for taxonomists and a cost-effective system
with which non-specialists, such as border
inspectors, can assign unidentified
specimens to known species. In both
cases, CBOL views barcoding as part of
taxonomy and rejects the idea that DNA
taxonomy will replace the practice of
taxonomy based on diverse character sets.
Taxonomists have begun using DNA
barcodes in three ways. First, barcoding
can be used as a ‘triage’ tool for sorting
new collections into units based on
barcode sequences, of which some will

between new barcode-based clusters and
species.

Second, DNA barcodes can also help
assign specimens to known species in those
cases where morphologic features are
missing (in the case of immature, partial
or damaged specimens) or misleading
(as in sexually dimorphic species). Third,
barcodes can also be used as a supplement
to other taxonomic datasets in the process
of delimiting species boundaries.

Ebach and Holdrege are correct
in stating “DNA barcoding generates
information, not knowledge” CBOL
believes that this information can
make systematists and the consumers
of taxonomic information more
knowledgeable. Therein lies its potential
value.

David E. Schindel, Scott E. Miller
Cornsortium for the Barcode of Life, National
Museum of Natural History, Smithsonian
Institution, PO Box 37012, MRC-105,
Washington, DC 20013-7012, USA

Species
Number

DNA
Barcoding

All 1
(or most)

1 All
(or few) (or most)

belong to known species and others will be
new to science. In CBOL’s view, only expert
taxonomists can resolve the relationship

Schindel and Miller (2005) Nature
Kress and Erickson (2008) PNAS



International Barcode of Life

BIOSCAN: tracking biodiversity on Earth (2:00)
https://www.youtube.com/watch?v=K1AchBQHnw4

The Centre for Biodiversity Genomics: a look inside the world's
leading DNA barcoding facility (6:18)

https://www.youtube.com/watch?v=SHwd0ObP4zRk

Also useful reading (discussion): Four years of DNA barcoding: Current advances and prospects
Frezel and Leblois (2008) Infection, Genetics and Evolution

BARCODE OF LIFE DATA:-USERS FROM 200 COUNTRIES

11223364

DNA BARCODES

773,000

BARCODE INDEX.NUMBERS (SPECIES PROXY)

N



https://www.youtube.com/watch?v=SHwd0bP4zRk
https://www.youtube.com/watch?v=K1AchBQHnw4

Molecular identification of species in a community — metabarcoding

Time

1990

2000

2010

Tabernet et al (2012) Molecular Ecology

Method implemented for
species identification

~
DNA-based species identification
(RFLP/Southern blots)

~
DNA-based species identification

(PCR — Sanger sequencing)
N J

7

DNA barcoding
(PCR — Sanger sequencing)

l

N
eDNA metabarcoding

(PCR —NGS)

J
3\

2| | eDNA metabarcoding

(Capture probes — NGS)
N

eDNA metabarcoding
(Shotgun — NGS)

J

Cristescu et al (2014) TREE

Available
techniques

PCR

Individuals

Next Generation Sequencing (NGS)

DNA barcode: a small piece of the genome (marker) found in a broad range of
species. The standardized barcode for most animals is a fragment of the
mitochondrial COIl gene, the standardized barcode for plants is a fragment of
the plastid gene ribulose 1,5-bisphosphate carboxylase gene (rbcl) combined
with a fragment of the maturase (matK) gene, whereas the barcode for fungi is
the nuclear internal transcribed spacer (ITS) of the ribosomal DNA. CBOL
(http://www.barcodeoflife.org/) has standardized this method of species
identification, and has developed the corresponding sequence reference
database for these markers [10].

DNA barcoding: the identification of species using standardized DNA
fragments. The ideal DNA barcoding procedure starts with well-curated
voucher specimens deposited in natural history collections and ends with a
unique sequence deposited in a public reference library of species identifiers
that could be used to assign unknown sequences to known species [7,43].

Metabarcoding: a rapid method of high-throughput, DNA-based identification
of multiple species from a complex and possibly degraded sample of eDNA or
from mass collection of specimens. The metabarcoding approach is often
applied to microbial communities, but can be also applied to meiofauna or
even megafauna.

Community



From DNA barcoding to Metabarcoding

Criteria for evaluation
Size
Specificity

Versatility

Taxonomic resolution

Well-understood mode of evolution

Comprehensive taxonomic database

Cristescu et al (2014) TREE

Sizes usually longer than 500 bp
At the taxon level

Extensive versatility beyond the taxon of
interest is not essential, but can enhance
projects charged with comprehensive
coverage of large taxonomic groups

Taxonomic resolution at the species level is
desirable

A distinct break between the intra- and
interspecific levels of genetic divergence is
required

Building a comprehensive database is a major
goal of the barcoding approach

Need high throughput ;
Capped by sequencing technology

Metabarcoding

Sizes <400 bp are appropriate for degraded DNA

Specific across a divergent group of targeted taxa,
but not beyond

Broad application of single primer pair beyond
targeted groups compromises depth of coverage
Multiple primer pairs can be employed when
amplification bias across divergent taxonomic
groups is severe. Each targeted group can be
amplified by a specific primer-pair.

High versatility to amplify equally and exhaustively
all target groups

Taxonomic resolution, ideally to the species level, is
required; requires validation based on mock
communities or similar methods

Desirable for enabling good global alignments that
allow valid recovery of OTUs

Knowledge on the intra- and interspecific levels of
genetic divergence across the targeted groups is
required

Comprehensive taxonomic database based on
verified and curated specimens is desirable; many
metabarcodes used currently do not have an
associated taxonomic database

35



Metabarcoding

How we can detect pretty much anything - Héléne Morlon and Anna Papadopoulou (5:54)
https://www.youtube.com/watch?v=bdwU_ZPk1cY

DNA metabarcoding for biodiversity monitoring (4:12)
https://www.youtube.com/watch?v=YiQKwplOpqO

36


https://www.youtube.com/watch?v=YiQKwpl0pq0
https://www.youtube.com/watch?v=bdwU_ZPk1cY

Applications of environmental DNA metabarcoding
in aquatic and terrestrial ecosystem

4 )

&

Ancient
Ecosystems

%

~ Plant-
- Pollinator
' Interactions

4 3 N ) )
‘Z G
% ‘
N PAN ¥
Diet g“’as}ve Pollution Air Quality
’ pecies -
Analysis : Response Monitoring
Detection

Ruppert et al (2019) Global Ecology and Conservation
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Combining the two together? — metagenomics

DNA
Barcoding

All
*M . (or most)

1
(or few)

MANY

All

(or most)

I

Study design, sample collection, storage and DNA/cDNA/RNA extraction

;

-

Marker gene/transcript amplification and sequencmg

KOO =

AGTCAG
—_

/ -
Pre-processing

» Sequence read quality check and filtering
e Chimaera removal

l Filtering

LS

~

Claesson, Clooney & O'Toole (2017) Nature Review Genetics

S

\

Metagenomic or metatranscriptomic shotgun sequencing

W’m AGTCAG
?OC/\X X >< == —> (=
XXX

v

Pre-processing
* Sequence read quality check and filtering
* Filtering contaminants and human reads

{ Filtering

"




Resolved bacterial genomes from metagenomics samples using long reads

nature communications 3

)

Article https://doi.org/10.1038/s41467-022-34149-0

HiFi metagenomic sequencing enables
assembly of accurate and complete genomes
from human gut microbiota

Received: 21 June 2022 Chan Yeong Kim"*#, Junyeong Ma®'# & Insuk Lee ®'?

nature LETTERS
blOtCChﬂOlogy https: //doi.org/10.1038/541587-020-0422-6

”m Check for updates

Complete, closed bacterial genomes from
microbiomes using nanopore sequencing

Eli L. Moss'?, Dylan G. Maghini'? and Ami S. Bhatt ©"2%

“102 complete Metagenome-assembled
genomes (cMAGs) obtained by Pacific
Biosciences (PacBio) high-accuracy long-read
(HiFi)metagenomic sequencing of five human
fecal samples.”

“We used our methods to analyze
metagenomics data from 13 human stool
samples. We assembled 20 circular genomes,
including genomes of Prevotella copri and a
candidate Cibiobacter sp.”



We now have two paths with different emphasis

Rare species that may extinct Model species that can be experimented in lab
New species but with little basic biology known Model species but with extensive basic biology known
Indicator species / Iconic species Keystone species

Complementary
Omic approaches

Conservation genomics Ecological genomics / Molecular Ecology
Ecology and evolution of species Ecology and evolution of species
Interested in population demography / prediction Interested in how the genomic bases of traits/phenotypes
Response to environment Response to environment

* To be taught in lecture 3-6



Topic 3: Ecological genomics / Molecular Ecology



Ecological genomics (EG) / Molecular Ecology

definition

“A unique combination of disciplines is emerging —
evolutionary and ecological functional genomics —
which focuses on the genes that affect ecological
success and evolutionary fitness in natural
environments and populations

Molecular Ecology is almost synonymous with the field
but usually performed on non-model/wild species.

Feder and Mitchell-Olds (2003) Nature Reviews Genetics

“the focus is on organisms that inhabit natural
environments and the goal of researchers is to
explain variation in DARWINIAN FITNESS in
populations, and variation in size, range,
longevity and diversity among populations,
species and higher taxa

Identify gene or genes of interest
This is challenging and requires multiple
disciplines (ecology, evolution, functional

biology and genomics)

And carry out experiment to reveal its
functions and molecular details



An ideal model organism for EG

Infrastructure | . fit all these criteria
e | arge, active and interactive community of
investigators
® Physical and virtual community resources
e |nteraction with other basic and applied communities

Not many organisms

Gene discovery and Ecological context
phylogenetic data * Relatively undisturbed habitats in
e Forward and reverse genetic tools the native range of the species

e Capacity to detect variation, ¢ Observable ecology and

including differences in transcript behaviour in nature
and protein levels \ Ideal model ‘/ » Genetic differentiation causing

e Known phylogeny, to enable, for Species local adaptation to a range of
example, historical change in abiotic or biotic environments
traits of interest to be inferred * | egally protected fieldsites for

long-term ecological studies

Molecular data

e Access to genomic sequence and Variation in sequence and phenotype
chromosomal maps * Nucleotide variants in natural populations

¢ Upstream regulators and downstream e Abiotic and biotic environmental factors correlated with
targets identified for the gene of interest each segregating haplotype

e Function of gene product known and its e Eyvolutionary forces underlying nucleotide variation
impact on fitness under natural inferred from molecular evolution analyses
conditions inferred ® Characterized phenotypes under natural conditions for

: each variant
¢ |[mpact of variants on fithess, abundance, range and
persistence known
e Structure and dynamics of the natural population known

Feder and Mitchell-Olds (2003) Nature Reviews Genetics



Model organisms

e Easy to maintain and breed in a laboratory setting.

* Many model organisms can breed in large numbers.

 Some have a very short generation time, which is the time
between being born and being able to reproduce, so several
generations can be followed at once

* Mutants allow scientists to study certain characteristics or
diseases.

* Easy and cheap genetic manipulation

* Some model organisms have orthologs to humans.

* Model organisms can be used to create highly detailed
genetic maps.

* Or they may occupy a pivotal position in the evolutionary
tree

https://www.yourgenome.org/facts/what-are-model-organisms



https://www.yourgenome.org/facts/what-are-model-organisms

Research in model yeast Saccharomyces cerevisiae

Yeast: An Experimental Organism
for 21st Century Biology

David Botstein*' and Gerald R. Fink'
*Lewis-Sigler Institute for Integrative Genomics, Princeton University, Princeton, New Jersey 08544, and '"Whitehead Institute for Biomedical Research
and Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Functional Genomics: Gene-Protein-Function Association via Mutants  Biotechnology

Databases and Gene Ontology  Fermentation

Gene Expression and Regulatory Networks ° Synthetic biology

Protein Interaction Networks « High-throughput / Systematic
Gene Interaction Networks . Light sensing

Integrating Co-expression and Protein and Gene Interaction Networks
Leveraging Diversity to Understand Complex Inheritance
Strengths and Weaknesses of Genome-Scale Experimentation and Inference: Experimental Validation Is Essential

Evolution
Evidence for the theory of duplication and divergence

Experimental evolution studies with yeast

Human Disease

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3213361/pdf/695.pdf



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3213361/pdf/695.pdf

Ecological genomics

Genotypes

* Genotype frequencies
* Genomic variations

* Population genomics

* Comparative genomics

Phenotypes

* Phenotype frequencies
* Phenotype plasticity
 Development

Traditional model
organisms

Ecology

Abiotic
Biotic
Short term / long term

Ecologists



Ecological genomics / Molecular Ecology

Genotypes Phenotypes Ecology
* Genotype frequencies * Phenotype frequencies e Abiotic
* Genomic variations * Phenotype plasticity * Biotic
* Population genomics  Development * Shortterm /long term
* Comparative genomics
. Ecologists
Advances in genomics Tradlt!onal model
really kick off this field; rather Organisms

than choose a model species we
can ask virtually any questions across
all organisms



Conceptual framework for eco genomics

g, S—

’ .;0 \l

ECOSYSTEM - POPULATION AND

RESPONSE “~ COMMUNITY RESPONSE Ecological interactions

between the organism, the
population and community
levels and the ecosystem

ORGANISMAL RESPONSE

Interactions between the levels, with organismal
responses affecting and being affected by its
genotype, which in turn affects what genes are
expressed and at what levels, which in turn has
effects on the phenotype of the organism, ultimately
leading to its overall response.

GENOTYPIC PHENOTYPIC EFFECT ON
CONSTRAINTS DEVELOPMENT/PHYSIOLOGY

GENE EXPRESSION

GENETICS ECOLOGY

Ecological genomic studies seek to integrate these disciplines
(orange arrows) through the use of functional genomics approaches.

Ungerer et al (2007) Heredity



Experimental approaches to assess evolutionary responses to climate change using
different sets of biological data.

genomic Recessly of applicability to inferable biological
approach data type/method " preliminary ; ; : strengths weaknesses
resolution knowledge () different taxa information
5 ; :
= marker-based genotyping genetic markers A
£, - " | R | genetic
a £ S ; ; fraction of genomic
o exome capture N robes e : S :
g é p iy | p .............. uniimited variation cost effective sequencing variafion, no irfo about
23 N (esp. large genomes)
- & RNA-Seq no ) phenotype
Q
- - (it S TN [URN [CSRNTI e .
2| 8 RAD-Seq no il
|~ D N R PPPUINl RRRPReY RPRRORRPRN B o] candidate genes,
o
S structural variation, genome-wide variation, -
E sequencing of natural ; : sustainable data for different feasabilty (costs for
3 o oo high no limited signatures of selection, h i | large genome, material,
8 e individuals or ig unlimite research questions, reveals ) 5 s
a c & : ; SR infrastructure), indirect
£ S lati candidate loci/genes, real selection in natural v
g2 populations exciiione phenotypic inference
es historical and PeR
e |00 | US| 080 | Npasoasanay.. DI 1-:.cioocooeasananinsninsnnsninntins sdeassetosumnapssnssssnusnonds
= model organisms | experimental N, patterns . , ;
evolve & resequencing very high no with short life-span f ; S0 resolution from phenolype % arbﬁgal e"pe”’”e’T"
of polygenic variation genotype technical complexity
for Iarg&scale EE
T cultivable taxa for
® % & | phenotypes and vg':i:t]igt:ﬁnlc ﬁt::::é common garden direct phenotypic inference, experiments or long-
" g = T | resemblance between no s " | experiments or taxa . . estimate of evolutionary term monitoring
£ 3 S | relatives inpfom?ation with known additive genetic co- response necessary
S pedigrees variance (V) of traits,
o Pttt Ll e L SRR B | como s T A A T S T A S
::3 £ GRMs or ) ofseecton more accurate estimates of V i iy
z = : ; evolutionary response : A and/or temporal
g § 8 genotyping high - a5 - . compared to classncgl QG,_ qenclykia of
o g (genome-wide neutral very high o unlimited idenpendent pf experiments if populations, pending
€9 ) fitness estimates can be ; I s
g SNPs) : innovations to quantify
e - derived from GRMs
g ™) fitness from GRMs

Waldvogel et al (2020) Evolution Letters




Topic four: Measuring biodiversity



Discussion time: How do we measure biodiversity?

 What does it mean by “High biodiversity” as oppose to “low biodiversity”?

What is “biodiversity hotspot”?

* How do we measure biodiversity? Unit of biodiversity?

And why do we need them?



Biodiversity: measurement and estimation

Preface

JOHN L. HARPER! axp DAVID L. HAWKSWORTH?

! Cae Groes, Glan-y-coed Park, Dwygyfylchi, Penmaenmawr, Guwynedd LL34 6TL, U.K.
2 International Mycological Institute, Bakeham Lane, Egham, Surrey TW20 9TY, U.K.

SUMMARY

In introducing a series of 11 papers on the measurement and estimation of biodiversity, eight crucial
questions are posed: What is ‘biodiversity’? Is biodiversity just the number of species in an area? If
biodiversity is more than the number of species how can it be measured? Are all species of equal weight?
Should biodiversity measures include infraspecific genetic variance? Do some species contribute more
than others to the biodiversity of an area? Are there useful indicators of areas where biodiversity is high?
And can the extent of biodiversity in taxonomic groups be estimated by extrapolation? In addition, the
modern concept of biological diversity is attributed to Elliot R. Norse and his colleagues.

4. IF BIODIVERSITY IS MORE THAN THE
NUMBER OF SPECIES HOW CAN IT BE
MEASURED?

*

Harper and Hawksworth (1994 ) Phil Trans R Soc London B
* Also contains nice introduction on history of biodiversity



Which of the two populations do you consider to have a higher biodiversity?

Sample A Sample B

Purvis and Hector (2000) Nature



”To proceed very far with the study
of biodiversity, we need to pin the
concept down. We cannot even
begin to look at how biodiversity is
distributed, or how fast it is
disappearing, unless we can put
units on it.

However, any attempt to measure
biodiversity quickly runs into the
problem that it is a fundamentally
multidimensional concept: it
cannot be reduced sensibly to a
single number”

Purvis and Hector (2000) Nature

Sample A Sample B

Sample A could be described as being the more diverse as it
contains three species to sample B’s two (richness A>B). But there
is less chance in sample B than in sample A that two randomly
chosen individuals will be of the same species (evenness B>A)



I

N \ /=ecolog/cal processes synecologiul diversity )

-

hyperdiversity

= biological diversity

= biotic diversity

= gcological complexity
~ nature conservation?
= all life on Earth?

[-] “standard” components
| additional components

- alternative approach

conceptually
related terms

A B Aisapartof B

ecosystem diversity |

4 *
,/=organismal diversity *\

~community diversity A--» B AisatypeofB
: . = = ~ = =systems diversity
phenotypic genealogical artificial domestic species |+ speci TN other relationshi
i f 2 : < pecies =ecological diversity p
diversity ( diversity diversity diversity ( ﬁgheness ] [ evenness ]

= synonyms
= quasi synonyms

=species abundance =species equitability

( biosystematics a-diversity

== indicat - B-diversity
indicator species o e
i 7 ny ~~.| keystone species Y-diversity
: : "~ flagship species
4 oo, it N umbrella species
variety ¢ endangered species .
threatened species S
: pragmat|c native species
specues ti:)l(ljen sgeues
AN introduced species . . )
morphospecies? (also) Phylogenetic diversity

~phylogenetic species

Duelli and Obrist (2003) Agriculture & Ecosystems & Environment



Three type of measures™

e Richness (Numbers of...)
* Species?
e OTUSs?
* Higher taxonomic level?

* Evenness
* How are they distributed?
* Genetic analogues? (heterozygosity)

e Differences

* Genetic variability?
 Morphological variability?

Purvis and Hector (2000) Nature

)

Association

ecosystem function

ecosystem resilience

conservation

biological control

* To be taught in the amplicon lecture



Additional notes



Scaling up!
Biomonitoring
Repeated biodiversity measurements across time and space

Biodiversity
Measurement of alpha, beta, and gamma diversity for community analyses
Integration of DNA-based, biological and environmental ecological indicators

DNA-based indicators Biological indicators Environmental indicators
Includes ESVs, OTUs, taxa, genes, Includes species, indicator Site characteristics such as
genomes, metagenomes, assemblages, communities, nutrient levels, moisture,
metatranscriptomes, or trophic guilds, biomass, density temperature or other structural
metabolic activity predicted from or metabolic activity derived measures.
sequence analysis. from direct measurement.

Earth observation data such as
Identification of sequences by Identification of species largely numerical weather data,
comparison with reference based on morphological photograph radar or sonar
databases according to characters and manual imagery.
predefined cut-offs. comparison with taxonomic keys.

FIGURE 1 Integration of data types in biodiversity genomics. Boxes outline the various ways biodiversity can be sampled using DNA-based
or traditional methods that use biological andgenvironmental ecological indicators

Porter and Hajibabaei (2017) Molecular Ecology



“Towards the fully automated monitoring of ecological communities”

(1) Microphones (1) Radars
Detecting il | Detecting Il
Counting il | Countinglllll
Classifying Iz Classifying Il
Measuring | Measuring il
(2)Hydrophones Thermal & IR cameras
Detecting il | Detecting il
Counting il | ; Countinglill
Classifying il )| Classifying il
Measuringll | Measuring il
(3) Geophones (9) Flow cytometers
Detectingl | Detectinglllll
Countingll Countingllll
Classifyinglll | Classifying lllll
Measuring il Measuring lllll *
(4) Sonars (5)ESPs & eDNA (6) Digital cameras (7)Hyperspectral cameras LiDAR sensors
Detectinglllll | Detecting il | Detecting il | Detecting Il Detecting il
Countingll | Counting llll | \{=s Counting Il | Counting il Countingll
Classifyingll M Classifying Iz Tt Classifying Il Classifying Il Classifyinglll M\
Measuringll | Measuringll | =2  Measuring il | Measuring Il Measuring il |

Besson et al (2022) Ecology Letters



Predicting species’ responses to climate change

promising strategy to use genomics for predictions:
fast enough and for a broad taxon spectrum

Can populations
persist under
changing
environmental
conditions?

B “Rep O

ECOSYStem management &
. eco-evolutionary 4 . :
 modelling O conservation strategies

Waldvogel et al (2020) Evolution Letters



Translational Ecology

Colleges and universities *
Science agencies - Think tanks

Basic science and theory -
Applied science - Environmental education

Research

Raw data and analysis - Scientific
papers - Derived data products

Empirical and theoretical models -
Predictions - Forecasts

Enquist et al (2017) Ecol Environ

Institutions

Knowledge-action
boundary

Realm of
Translational
Ecology

Process-oriented
tools and techniques*

Information

Collaboration
Trust

Actionable science

Rabust decision making

Land management agencies - NGOs -
Consultancies and lobbying firms

Adaptive management -
Ecosystem management - Advocacy and policy

Practice

Web-based portals - Mapping tools -
Reports and expert opinion

Regulatory and management planning -
Conservation planning - Decision support



Summary: quantifying diversity (EEZ#&14)
at different timescales

million years ago

Comparative

Population genomics genomics/transcriptomics Metagenqmics/_
(PhD) (Postdoc) metatranscriptomics

) £ ¥a 2 5, NI/
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Main question 1: Characterise and understand microbial
biodiversity

Main question 2: Pathogen evolution
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Why should we care (loss of) microbial biodiversity?

IF WE CAN UNDERSTAND THESE COMPLEX SYSTEMS, (T WOULD HAVE A
LARGE IMPACT IN HOW WE INTERACT WITH THE NATURAL WORLD.

THERE ARE APPLICATIONS IN ....N CLIMATE SCIENCE AND
AGRICULTURE AND CROP PRODUCTIVITY... CARBON CYCLING...

« Ethics &=

o Esthetic =&

- Harnessing #Jf*

« Ecosystem functioning

:—IU\%'%EI At*

Phd comics
PR Ehrlich and EO Wilson (1991) Science
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Extensive sampling of Saccharomyces cerevisiae
in Taiwan reveals ecology and evolution of
predomesticated lineages

SESETENRERE - (\EaIEAAE




Scientists’ view of yeast

Many of the fundamental principles of biology were
discovered in this species as a model organism
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Human
sedentarization

Evolution of S. cerevisiae
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Biogeography of S. cerevisiae
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Lineages present in Taiwan
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