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Que el alumno conozca los principales avances técnicos y conceptuales de la genomica y se enfrente a los desafios practicos que
impone el analisis masivo de estos datos, en un marco de referencia mayoritariamente evolutivo y poblacional.
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Sequencing strategies.

map first, sequence later sequence first, map later
HIERARCHICAL SHOTGUN WHOLE-GENOME SHOTGUN
§ § Genome § §
e E—
I I
_ Random Reads
Overlapping BAC clones
Y Y Y Y Y Y

shotgun
l 1 Assembly
R o
Contigs -:q,'-.'. | e i A ii
o
Scaffold ::ii::ii EEE:::E:
§ Genome Assembly

Waterston R H et al. PNAS 2002;99:3712-3716 I:E I e Ei

Sequencing strategies. (Left) The hierarchical shotgun (HS) strategy involves decomposing the genome into a tiling path of
overlapping BAC clones, performing shotgun sequencing on and reassembling each BAC, and then merging the sequences of
adjacent clones (CONTIGS). The method has the advantage that all sequence contigs and scaffolds derived from a BAC belong to a
single compartment with respect to anchoring to the genome. (Right) Whole-genome shotgun (WGS) strategy involves performing
shotgun sequencing on the entire genome and attempting to reassemble the entire collection. With the WGS method, each contig
and scaffold is an independent component that must be anchored to the genome. In general, many scaffolds may not be anchored
without directed efforts.



Prof. Hernan Dopazo

Gendmica Evolutiva y Poblacional
EGE-FCEN-CONICET
genevopop.net

@hernandopazo

HGP goals & dates of achivements

Area

Genetic map

Physical map

DNA sequence

Capacity and cost of finished sequence
Human sequence variation

Gene identification
Model organisms

Functional analysis

The Human Genome Project: Lessons from Large-Scale Biology. Collins, F. S. (2003). Science, 300(5617), 286—290.

Goal

2- to 5-cM resolution map (600 to
1,500 markers)
30,000 sequence-tagged sites (STSs)
95% of gene-containing part of
human sequence finished to
99.99% accuracy
Sequence 500 Mb/year at <$0.25
per finished base
100,000 mapped human SNPs
Full-length human cDNAs
Complete sequences of E. coli,
S. cerevisiae, C. elegans,
D. melanogaster

Develop genomic-scale technologies

Achieved

1-cM resolution map (3,000
markers)

52,000 STSs

>98% of gene-containing part of
human sequence finished to
99.99% accuracy

Sequence >1,400 Mb/year at
<$0.09 per finished base

3.7 million mapped human SNPs

15,000 full-length human cDNAs

Finished sequences of E. coli, S.
cerevisiae, C. elegans, D.
melanogaster, plus whole-genome
drafts of several others, including
C. briggsae, D. pseudoobscura,
mouse, and rat

High-throughput oligonucleotide
synthesis

DNA microarrays

Normalized and subtracted cDNA
libraries

Eukaryotic, whole-genome knockouts

(yeast)

Scale-up of two-hybrid mapping

10 -

Date
September 1994

October 1998
April 2003
November 2002
February 2003

March 2003
April 2003

1994

1996
1996

1999

2002

Table 2. Comparison of prices of large government projects circa 1990 with their projected %
useful life-span. g

: Projected cost Target completion Estimated life-span % 1.0
Proposed project ($ billion) date (years) 2
Space Station Freedom 30.0 1999 30 §
Earth Observing System 17.0 2000 15 e LU
Superconducting Super Collider 11.0 1999 30 3
Human Genome Project 3.0 2005 Perpetual
Hubble Space Telescope 1.5 1990 15 to 20 O SEhE 0 e

Year
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The Human Genome Project

ATGC

four lanes, 30 cm gel)

1,000 pb

PHRED: automathed software for base-calling.
It converts computer-generated traces into
base sequences and asses probable accuracy for
each base-call.

From the peak heights and widths, a Phred
score is assigned to each individual base. A high
Phred score indicates a high certainty as to the
identity of that particular base.

~1980 Manual sequencing
- X ray film (500 bases,

Three runs to sequence
r A fragments longer than

Cathode plate

! LAG

Capillary
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activates

Detector
Detection .
vandow '

i VB
a3 ) b
D & =
Ancde
reservoir

During Process

~1990 High-Throughput sequencing by fluorescence automated

Sanger sequencing.

Applied Biosystems introduced the capillary electrophoresis
system (ABI Prism 3700), and advanced the Human Genome
project by nearly five years ahead of schedule producing each

machine ~2Mb per day

10 20 30

40 50
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Ewing B, Hillier L, Wendl MC, Green P (1998). "Base-calling of automated sequencer traces using phred. |. Accuracy assessment". Genome Res. 8 (3): 175—-185.
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Pertea, M., & Salzberg, S. L. (2010). Between a chicken and a grape: estimating the number of human genes. Genome Biology, 11(5), 206.
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Figure 2.The trend of human gene number counts together with human genome-related milestones. Incividual estimates of the human
gene count are shown as blue diamonds. The range of estimates at different times is shown by the two vertical blue dotted lines. Note how this
range has narrowed in recent years.
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Pertea, M., & Salzberg, S. L. (2010). Between a chicken and a grape: estimating the number of human genes. Genome Biology, 11(5), 206.

30,434

+/-70-80 genes and other elements

Grape
16,736  Sebat, J., etal. (2004). Large-scale copy number

(
Human 22,333
— PAN-GENOME
4] polymorphism in the human genome. Science ,

Chicken

Population Variation
305(5683), 525—528.

Fruit fiy 14,889

E. coli 4149

Influenza 11

Figure 1. Gene counts in a variety of species. \iruses, the simplest living entities, have only a handful of genes but are exquisitely well adapted tc
their environments. Bacteria such as Escherichia coli have a few thousand genes, and multicellular plants and animals have twe to ten times more.
Beyond these simple divisions, the number of genes in a species bears little relaticn to its size or to intuitive measures of complexity. The chicken
and grape gene counts shown here are based on draft genomes [50,51] and may be revised substantially in the future.
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Data Storage Problem

Bytes(8 Bits)

A "bit" is atomic: the smallest unit of storage
A bit stores justa 0 or 1

A bit is too small to be much use

Group 8 bits together to make 1 byte
eg.01011010

Kilobyte (1.0 E+03 Bytes)

= 1 Kilobyte: A very short story

Megabyte (1.0 E+06 Bytes)

= 1 Megabyte: A small novel
= 4 Mebagytes: A file containing all Genome Reference’s Differences
= 750 Mb: The space needed to store the entire Human Genome (1X)

Gigabyte (1.0 E+09 Bytes)

= 1 Gigabyte: A pickup truck filled with paper
m 220 Gigabytes: A Full Human Genome (80X+ fastq format)

Terabyte (1.0 E+12 Bytes)

= 1 Terabyte: All the X-ray films in a large technological hospital
s 2 Terabytes: A confortable size to manage a Human Genome Analysis

Petabyte (1.0 E+15 Bytes)

= 1 Petabytes: 5 years of Earth Science Observation Data (NASA)
200 Petabytes: All printed material

Exabyte (1.0 E+18 Bytes)

= 5 Exabytes: All words ever spoken by human beings.

What is Big Data?

Think for a sec... what does “Big Data” mean?
There are huge volumes of data in the world:

« 5 exabytes of data.

* In 2011, the same amount was created every two days

* In 2013, every 10 minutes.

* 90% of the data in the world today has been created in the
last two years alone. This data comes from everywhere:
sensors used to gather climate information, posts to social
media sites, digital pictures and videos, purchase transaction
records, and cell phone GPS signals to name a few.

This is Big Data

= From the beginning of recorded time until 2003, humans created 5 exabytes of data

Zettabyte (1.0 E+21 Bytes)

= 1.9 zettabytes in 2007 (this is the equivalent to every person on earth receiving 174 newspapers per day)
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Big Data - Genomics
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2015 2020

Year

2025
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Stephens, Z. D, et al. (2015). Big Data: Astronomical or Genomical? PLOS Biol, 13(7), e1002195.
Growth of DNA Sequencing
7 N
Growth of DNA sequencing. The plot shows the growth of > -
2 ® Recorded growth DNA sequencing both in the total number of human genomes 7
4 B Double every 7 months (Historical growth rate) | sequenced (left axis) as well as the worldwide annual 7
& @ Double every 12 months (lllumina Estimate) sequencing capacity (right axis: Tera-basepairs (Tbp), Peta- .~
B Double every 18 months (Moore's Law) basepairs (Pbp), Exa-basepairs (Ebp), Zetta-basepairs ”
(Zbps)). 7”7
’ 0=
” - - Q
7 annen i
The values through 2015 are based on the historical publication ¥ B -
- record, with selected milestones in sequencing (first Sanger ” o
Q through first PacBio human genome published) as well as three | 7, % =
o exemplar projects using large-scale sequencing: the 1000 Current Capacity & =
Genomes Project, aggregating hundreds of human genomes by o
2012; The Cancer Genome Atlas (TCGA), aggregating over several ExAC /
thousand tumor/normal genome pairs; and the Exome Aggregation o
Consortium (ExAC), aggregating over 60,000 human exomes. = 1stPacBio -
TCGA Chaisson et al S
o o
. 1000 Genomes a /
3
- Many of the genomes sequenced to date have been
1st 454 whole exome rather than whole genome, but we
Wheeler et al. expect the ratio to be increasingly favored towards
1st Sanger : whole genome in the future. The values beyond 2015
IHGSC et al. 1st Personal Genome 1stllumina represent our projection under three possible growth -
(] Levy et al o Bentley et al. curves as described in the main text. -
-~ Wang et al.
/"o Le)’ et al.
S o
:
.

Worldwide Annual Sequencing Capacity
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Big Data - Genomics & Cloud Computing

Table 1. Four domains of Big Data in 2025. In each of the four domains, the projected annual storage and computing needs are presented across the data

lifecycle.

Data Phase Astronomy Twitter YouTube Genomics

Acquisition 25 zetta-bytes/year 0.5-15 billion 500-900 million hours/year 1 zetta-bases/year
tweets/year

Storage 1 EBlyear 1-17 PBlyear 1-2 EB/year 2—-40 EBl/year

Analysis In situ data reduction Topic and Limited requirements Heterogeneous data and analysis
sentiment mining

Real-time processing Metadata analysis Variant calling, ~2 trillion central

Massive volumes

processing unit (CPU) hours

All-pairs genome alignments, ~10,000
trillion CPU hours

Distribution Dedicated lines from antennae Small units of Major component of modem users  Many small (10 MB/s) and fewer massive

to server (600 TB/s)

distribution bandwidth (10 MB/s) (10 TB/s) data movement

doi:10.1371/journal.pbio.1002195 1001

a Data layer
Independent

replication

010110
100101
101011

-—
ol 101010

Fig. 3| Cloud reproducibility. The cloud fosters reproducibility by enabling Ben Langmead, & Nellore, A. (2018). Cloud computing for
|n.vest|gators to pub-ll.sh d.ata setstothe.cloud. including dlff'erent .verS|ons.thereof, genomic data analysis and collaboration. Nature Review
without loss or modification of the previous data set. Other investigators, situated near Genetics, 19(4), 1-12. http://doi.org/10.1038/nrg.2017.113

or far geographically, can clone data sets within the cloud and apply customized
software to perform their own analyses and derive new results. Independent
investigators can copy original primary data sets, software and published results within
the cloud toreplicate published analyses (part a). Collaborating investigators can set up
cloud-based virtual machine images that contain the software, configurations and
scripts needed for specific computational analyses (part b). Customized machine images
can be copied and shared with other investigators within the cloud for replicate analyses
(not shown). Figure adapted from REF '**, Macmillan Publishers Limited.

b System layer

10114356101
100103397011

101011301010
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Genome Size & Complexity
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Neisseria meningitidis
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Campylobacter jejuni
Cryptosporidium parvum
Saccharomyces cerevisiae
Chlamydomonas reinhardtii
Dictyostelium discoideum
Neurospora crassa
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Pseudomonas aeruginosa
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Toxoplasma gondii
Trypanosoma cruzi
Leishmania donovani
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Plasmodium falciparum
Oryza sativa

Ficedula sps.
Oncorhynchus tshawytscha
Pan troglodytes
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Fig. 1. (A) Estimates of the composite parameter N u for a phylogenetically diverse assemblage of
species. (B) The relatlonshlp between estimated Neu total gene number, and genome size. Data for
prokaryotes are plotted in blue. The log-log regression of N,u versus genome size is highly
significant, with an intercept of -1.30 = 0.40, a slope of —0.55 S 0.07, and r* = 0.659, df = 28
(7). The number of species plotted differs between graphs because genome structure information

Invertebrates

Vascular plants

Vertebrates

is not available for all species with N u estimates.
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Prokaryotes

Unicellular eukaryotes
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Lynch, M., & Conery, J. S. (2003). The origins of genome complexity. Science, 302, 1401-4.

Lynch, M. (2006). The origins of eukaryotic gene structure, Mol Biol Evol 23(2), 450—468.
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The resultant increase in the power of random genetic
drift appears to be sufficient to overwhelm the weak
mutational disadvantages associated with most novel
aspects of the eukaryotic gene, supporting the idea that
most such changes are simple outcomes of semi-
neutral processes rather than direct products of natural
selection.

However, by establishing an essentially permanent
change in the population-genetic environment
permissive to the genome-wide repatterning of gene
structure, the eukaryotic condition also promoted a
reliable resource from which natural selection could
secondarily build novel forms of organismal complexity.

Under this hypothesis, arguments based on molecular,
cellular, and/or physiological constraints are insufficient
to explain the disparities in gene, genomic, and
phenotypic complexity between prokaryotes and

eukaryotes.
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Al | * A haplotype is a sequence of alleles stretching along an extended
U segment of DNA - a sort of super allele!
 Haplotypes are usually inherited as a single unit from parents.
: This diagram shows two ancestral chromosomes being scrambled
} through recombination over many generations to yield different descendant
: e chromosomes.
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Hirschhorn JN, Daly MJ (2005) Genome-wide
association studies for common diseases and
complex traits. Nature Publishing Group 6: 95—108.

Adjacent to the variant marked by the A are many SNPs that can be
used to identify the location of the variant.

A A SRR

Indirect association

Direct association

Figure 1 | Testing SNPs for association by direct and indirect methods. a | A case in which
a candidate SNP (red) is directly tested for association with a disease phenotype. For example,
this is the strategy used when SNPs are chosen for analysis on the basis of prior knowledge
about their possible function, such as missense SNPs that are likely to affect the function of a
candidate gene (green rectangle). b | The SNPs to be genotyped (red) are chosen on the basis of
inkage disequilibrium (LD) patterns to provide information about as many other SNPs as possible.
In this case, the SNP shown in blue is tested for association indirectly, as it is in LD with the other
three SNPs. A combination of both strategies is also possible.
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Population Structural Variation

Sudmant, P. H., et al. (2015). Global diversity, population stratification, and selection of human copy-number variation. Science, 349(6253), aab3761.
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several world populations. The geographical locations of the 125 human populations, including two archaic genomes,

assessed in this study. Populations are colored by their continental population groups, and archaic individuals are indicated in black.

We sequenced to high
coverage a panel of
236 human genomes
representing 125
diverse human
populations from
across the globe

Sequencing was
performed to a mean
genome coverage of
41-fold from libraries
prepared by using a
standard polymerase
chain reaction—free
protocol on the HiSeq
2000 I1- lumina (San
Diego, CA) sequencing
platform.

14,467 autosomal
CNVs and 545 X-linked
CNVs among

individuals relative to
the reference genome
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Recent Explosive Human Population
Growth Has Resulted in an Excess

1010

of Rare Genetic Variants 7B |

Alon Keinan* and Andrew G. Clark®?

109

Human populations have experienced recent explosive growth, expanding by at least three
orders of magnitude over the past 400 generations. This departure from equilibrium skews patterns
of genetic variation and distorts basic principles of population genetics. We characterized the
empirical signatures of explosive growth on the site frequency spectrum and found that the
discrepancy in rare variant abundance across demographic modeling studies is mostly due to
differences in sample size. Rapid recent growth increases the load of rare variants and is likely

to play a role in the individual genetic burden of complex disease risk. Hence, the extreme
recent human population growth needs to be taken into consideration in studying the genetics

of complex diseases and traits.

7
Selection Removing Variation (Selective Sweep), or 0 F 5M E

Recent Population Expansi . . .
ecent Fopulation Expansion Neolithic Demographic Transition
Agriculture Revolution

| ~10,000 ya ~
"",D 106 . 1 1 1 1 1 L
8000 BCE 6000 BCE 4000 BCE 2000 BCE 1 CE 1000 CE 2011 CE

Year

Skew Distribution

‘ D <0 Fig. 1. Census (rather than effective) population size is presented on a logarithm scale over the past
1 2 3

Frequency
w

10,000 years, from about 5 million at 8000 BCE to about 7 billion today from data in (1, 3, 30, 31).
The depicted linear increase (on the log scale) through most of the presented epoch denotes ex-
ponential growth of relatively constant percentage increase in population size per year. An acceleration
of that increase starting in the Common Era is evident.
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Novembre, J., & Ramachandran, S. (2011). Perspectives on Human Population Structure at the Cusp of the Sequencing Era. An. Rev. Genom & Hum Genet., 12(1), 245-274.

Schematic Human Demographic History (SNP’s hased studies)
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The Bushmen are the oldest inhabitants of
southern Africa, where they have lived for at
least 20,000 years. Their home is the vast
expanse of the Kalahari desert. The Bushmen
are remnants of the oldest cultural group in
Africa. They are ~ 100,000 Indiv.

Bushmen show more differences among themselves than
those showed by Europeans and Asians

KB1 3,761
Africans Africans, Asians,
Europeans
1,292
ABT 3,323 036 YH 2,738
NA19240 3,250 )

J.C. Venter 2,738 -
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Fan, S., Hansen, M. E. B, Lo, Y., & Tishkoff, S. A. (2016). Going global by adapting local: A review of recent human adaptation. Science, 354(6308), 54-59.
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Prifer, K., , et al. (2014). The complete genome sequence of a Neanderthal from the Altai Mountains. Nature, 505(7481), 43—49.

A possible model of gene flow events in the Late Pleistocene
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Modern humans Neanderthals
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All genomes analysed show evidence of a reduction in population size that occurred
sometime before 1.0 million years ago. Subsequently, the population ancestral to
present-day humans increased in size, whereas the Altai and Denisovan ancestral
populations decreased further in size. It is thus clear that the demographic histories of
both archaic populations differ substantially from that of present-day humans.
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Manolio, T. A., et al. (2009). Finding the missing heritability of complex
diseases. Nature, 461(7265), 747-753.
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Figure 1| Feasibility of identifying genetic variants by risk allele frequency
and strength of genetic effect (odds ratio). Most emphasis and interest lies
in identifying associations with characteristics shown within diagonal dotted
lines. Adapted from ref. 42.
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