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Guide RNA

Cas9
/

Matching genomic
sequence oﬁ

DNA
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Gene is disrupted Gene has a new sequence
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Prokaryotic cell /Jr\?«\\
Stage 1: Foreign DNA acquisition ,@’/ @
~r
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. *7{3{3—4.“013"03 - @ Stage 3
hosrgenome \ RNA-guided * 655,360 reads
- @ targeting of S NI, .
l CRISPR locus transcription viral element
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Stage 2: CRISPR RNA processing
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In humans, after advice in Feb last year; found could
achieve with indications of safety within 14 days

PGD identified one potential intergenic off-target

5 ¥ PAM| Location
Analysis PGD On-target CAGAATTGATACTGACTGTAT GG chi3:48414046
e Luly off-target in PGD ] O | ol 69754228
Lulu Nana el longet R . :
"
Total variants 3,380,550 3,581,757
Candidate off 1 0 ||
targets
Validated off |
targets Fol
Large deletion 0 0
Mot
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Disease prevention Modifying Disease Risk “Enhancements”
* Huntington’s » HIV resistance (CCR5) * Muscularity (MSTN)
* Tay Sach’s * Heart disease (PCSK9) * Height, skin color
* Cystic Fibrosis * Alzheimer’s (APP A673T/+) * Learning and memory
+ Sickle cell anemia « Cancer (BRCA1/2) o s snaMemoc
Consider alternatives... * Resistance to global
pandemics...

IVF, genetic diagnosis

Somatic therapy

: Permissible vs impermissible
When no alternative...

Couples, both affected applicationS?
Infertility
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Phylogenetic Tree

Everyone what to know how this tree
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Phylogenetic Tree
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Evolution everywhere

” A Tami(y Portrait

() Par - Qur closest )
living relatives e Homo - Qur genus

Hominini - Our bibedal linsage

) o Yo a
. ~ Homininae - “African Apes
) e ; =
~ Hominidae - "Great Apes

@ Hominoidea - “Apes” The human lineage and the chimp

) g lineage split about 7 million years ago
=~ Anthropoidea - "Monkeys and Apes”

Primates




Evolution everywhere




Evolution everywhere
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Evolution everywhere

Out of “homeland”?
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Eva K. F. Chan et al., Nature, 2019



Evolution everywhere

Microbiome evolution also exists

non-fatal diseases without late onset diseases: A Perissodactyla nRF=0.33 nMC =0.33 B Artiodactyla nRF=0.71 nMc=038 C camivora nRF=083 nMC=079
fertility conseqences: Alzheimer’s, osteoporosis, p=0008 p=0002 p =003 p=0001 p=030 p=027

Host Microbiota Host Microbiota Host Microbiota
asthma, eczema, IBD, etc. etc. e TORY i ey o o . T | .
-Pony Pony - ~Whielon _ Wnie on
- Rothschild giraffe_Rothschild giraffe
ﬁ Rel!mdele, Goa(} L African fion _ African lion

health

L Horse Przewalski's horse

Sable antelope Reindeer — ~Cat Cat

Sable antelope —

L.Cheetah Cheetah
L Przewalski's horse Horse et

VS.

r Goat
e | P aa—
Donke Donke Shee  Sweep ﬂ
fithess by e | s es
~ Cape eland Cape eland ?
H I —~River otter River otter
initial colonization fertl ' |— Indian rhinoceros Indian rhinoceros L Bovine Bovine e —
immune riility ’ L.
development (via nutrition) lifaspan?- g . LGiantpanda __Giant panda.
nutrient acquisition n o G‘ ﬂ
pre-weanil'lg pathogerl fettllity L— White rhinoceros White rhinoceros |- Bt cadial Bactrian " otted hyena Spotted hyena
invasion (via disease) & = - e - =



Sanger sequenced % Downy Woodpecker
High-coverage ' s

Phylogenetic Tree
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Phylogenetic Tree

Reference:
One thousand plant
transcriptomes and the

phylogenomics of green plants,
Nature, 2019
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Phylogenetic Tree

Evolution of Model Organisms and the DNA Molecular Clock

Intracellular Models Multicellular Models Human Disease Models
Biochemistry Embryo Development ; . -
Molecular Biolology Genetic Physiology SO oy neuralogical / viral
E. coli fruit fly fish amphibians reptiles birds mice primates
T |
68+4------\-----\—-—-—-Yt-----N---"----F---A -
S) |
2125 4 |
< |
2 l
© “Neutral’/Non-coding DNA
a0+ L B P - : ]
> 56% 40%
S |
== 500 A |
S |
1,000 - |
200041 - - - - J X ' “Protein” DNA
32% 20% 10% 5%
“16/18S rRNA” DNI—‘I}
4,000 ; b b + ) {
32% 16% 8% 4% 2% 1% 0.5%

Average Change in DNA



Phylogenetic Tree

internal node

* Topology: bifurcating
— Leaves-1 é N
— InternalnodesN + 1 € -2 N

Reference:
https://itol.embl.de/

* Branch length
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e N 217 (Maximum Parsimony)

N TR ZHA B FAi 2 R4 (Ockham) 22 )R
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JIik: Occam’s Razor

The simplest explanatioh is
usvally the carrect ohe.
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occam's razor method

The Role of Ockham's Razor: To Screen for Plurality at the Beginning of the Scientific Method

1. OBSERVATION

. INTELLIGENCE/AGGREGATION OF DATA (The Three Key Questions) Fals
. CONSTRUCT FORMULATION

. SPONSORSHIP/PEER INPUT (Ockham’s Razor)

NECESSITY

SSkeptics
ob

Plurality

. HYPOTHESIS DEVELOPMENT

3.
9.
1o. HYPOTHESIS MODIFICATION
11. FALSIFICATION TESTING/REPEATABILITY
1z. THEORY FORMULATION/REFINEMENT

13. PEER REVIEW (Community Vetting)

14. PUBLISH Pl‘OOf

PREDICTIVE TESTING
COMPETITIVE HYPOTHESES FRAMING (ASKING THE RIGHT QUESTION)

FALSIFICATION TESTING

15. ACCEPTANCE *



occam's razor method
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Kimura ~ZH8  — i S H5 05 . AR
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B RAAIRYE (Maximum Likelyhood )

probability density

fn\
i
[
~ A lklhudblg
[ [ classB:big
P [ o
| | || ' ]I - ' !k ihot dbi nging
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R St 1
,_/ . \\ o TN +
:

pandl classification in classB

assumption of multi variate
normal distribution

Figure 11.7.1 Concept of Maximum Likelihood Method



Molecular Clock Hypothesis

 Amount of genetic difference between

sequences is a function of time since
separation.

* Rate of molecular change is constant (enough)
to predict times of divergence



Molecular Clock Hypothesis

grandparents
@ mitochondrial
~ = DNA
" nuclear DNA
@ @ @
parents ® Mitochondrial DNA is
| II passed down only from
: the mother of each
l (O] Il. generation,so itis not
l | subject to recombination.
|
child
D

| Nuclear DNA is inherited from both
I parents, making it more difficult to
Il @ trace back through generations.



Likelihood of a Tree

* Given:

— n aligned sequences M= X, ..., X,

— A tree T, leaves labeled with X,,...,X_
* Reconstruction t*:

— Labeling of internal nodes

— Branch lengths

Goal: Find optimal reconstruction t* : One
maximizing the likelihood P(M|T, t*)



Probabilistic Methods

The phylogenetic tree represents a generative
probabilistic model (like HMMs) for the observed
sequences.

Background probabilities: g(a)
Mutation probabilities: P(a|b, t)
Models for evolutionary mutations
— Jukes Cantor
— Kimura 2-parameter model
Such models are used to derive the probabilities



Probabilistic Model

* Assumptions:
— Each character is independent

— The branching is a Markov process: The
probability that a node x has a specific
label is only a function of the parent node
y and the branch length t between them

— The probabilities P(x]|y,t) are known



Example

Given the tree

P($1,$2,Q73,374,375|T; t*)
=P(x1|x4,t1)P(22|24, t2) P(23|25, t3) P(24]25, t5)



Molecular Evolution

How can we model evolution on nucleotide
level? (ignore gaps, focus on substitutions)

Consider what happens at a specific position
for small time interval At

P(t) = vector of probabilities of {A,C,G,T} at time t
L, = rate of transition from A to C per unit time
Ly = Mac T Mag T Uap rate of transition out of A

0A(T+HAL) = pa(t) — palt) iy At + pe(t) pey At + ..




Molecular Evolution

In matrix/vector notation, we get
P(t+ At) = P(t) + QP(t)At

where Q is the substitution rate matrix

/ —HA HAac  Hac  HAT \
Q= Haa —HG HcGe  HGT
Hca Hcc —Hc Her
HrA HrG Hrc —HT




Molecular Evolution

* This is a differential equation:

P’(t) = Q P(t)

* A substitution rate matrix Q implies a
probability distribution over {A,C,G,T} at each
position, including stationary (equilibrium)
frequencies i, 1, Mg, T;

e Each Q is an evolutionary model (some work
better than others)



Mutation Probabilities

P(t) satisfy the following two property:

« Lack of memory
-R. .t +t)=aPf ,t)R .t")
b

* Reversibility:

— Exist stationary probabilities
{P,}s.t.

I:)al:)a- b(t) - Pbe- a(t)



PAMFE [P

* Point accepted mutation (Dayhoff et al 1978)

* Given an tree of protein family, the frequence
matrix A,, counting the occurrence of an “a”
in the ancestral sequence was replaced by a
“b” in the descendant.

* Estimate the conditional probability p(b]a)

A

P(bla) = B,y = > ‘j




PAMFE [P

* Scaling B

Cab — OBaba Caa — OBaa + (1 — O-)

* Such that the expected number of
substitution is 1%, i.e.

Y 4u@Cap = 0.01
ab

 Then the PAM(1) matrix is given by
S(1) = (Cap)



Calculating the Likelihood for Ungapped
Alignments

2= 000G OUOGGOUCG,
P =00 U0

3 = . ! * - —
Plata? | T )= | Pl 2 | 7o)
w=1
Playxg [ Ton e, )= q.Px) la )P la.,)

Assuming Jukes-Cantor model & g =g, =g, =g, =+

lI w s -Il- - - _ . i} i} . . " , , . L N N =5 . .
PO O G L)) =qgen Y ggs, 8, + g8 s, +gps, 5 =3 {'Irl'lr: H38, 5, ]

-I'lll:'[- i J'I f) = l'r:".l:-".-'f . | ?--‘I } — %[ 'I-'| 'I!:-': I ""ln'r;"_- : z'll'-n 'I"-J: :I

Ll

— ' y e
» T 2 e | —f w42 ~ el n Eis — Ay Eida )
— Pxt x| T ) =107 L 3e RN e

where nl=maitches.n2=mismaitches



Calculating the Likelihood for Ungapped

Alignments

* nsequences of length N, site u=1...N

* Given a rooted tree contains 2n - 1 nodes, 1... n being the
leaf nodes, n+1 ... 2n-1 non-leaf, tree lengths t1, ..., t,, ;.

* Let a(i) denote the ancestor of node a'

x| T, t) = HP(JC,}L, x| T t)

2n—2

L |T,t) = Z ¢u2n—1 H P(a'|a®® t,

an+1,...,a2n— 1= n—|_1



Felsenstein’s Recursive Algorithm

* Let P(L |a) denote the probability of all the leafs
below node k given that the residue at k is a.

* Then we compute P(L,|a) from the probabilities P(L.
| b) and P(L; |c) for all b and ¢, where i and j are the
daughter nodes of k.




Felsenstein’s Recursive Algorithm

 |nitialization: set k=2n-1

* Recursion: Compute P(L, | a) for all a as
follows:

— If kis leaf node: P(L |a)=1 only if a = Ty,

— If k is not a leaf node:

* Compute P(L;|a), P(L;|a) for all a at the daughter nodes
,j , and set p(z,j0) = ZP (bla, £:) P(Lslb) P(cla, t) P(L;|c)

» Temination: Likelihood at 5|te u,




Reversibility & Independence of
Root Position

A The score of the optimal tree is independent of the
root position if and only if:

- the substitution matrix is multiplicative
- the substitution matrix is reversible
A A substititution matrix is reversible if for all a,b and t:

P(bla,t)q, = P(alb,t)q



Maximum Likelihood (ML)

e Score each tree by

o 124

— Assumption of independent positions “m

* Branch lengths t can be optimized
— Gradient Ascent
— EM

* We look for the highest scoring tree

— Exhaustive
— Sampling methods (Metropolis)



Computational Problem

Such procedures are computationally
expensive!

Computation of optimal parameters, per
candidate, requires non-trivial optimization
step.

Spend non-negligible computation on a
candidate, even if it is a low scoring one.

In practice, such learning procedures can only
consider small sets of candidate structures
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o XPTAARARMKREI A, BEFATAE HIKA 5] (branch attraction)IL R, H
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%R T 51 A A — iz i B Kimura 2-parameter (Kimura-224).
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trap Statistics
tic 1*
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ClustalX  http://bips.u-strasbg.fr/fr/Documentation/ClustalX/ KAL) Z 3 2 EE ) T A
ClustalW  http://www.cf.ac.uk/biosi/resear ... loads/clustalw.html #r44TH KL FH LN T A
GeneDoc  http://www.psc.edu/biomed/genedoc/ eI e SIE= f A
BioEdit  http://www.mbio.ncsu.edu/BioEdit/bioedit.html FHadr s E T A

MEGA  http://www.megasoftware.net/ Bt |t tr TR, MEFEML
PAUP  http://paup.csit.fsu.edu/ F A, SRRt ot T A
PHYLIP  http://evolution.genetics.washington.edu/phylip.html R E R T A
PHYML http://atgc.lirmm.fr/phyml/ B R M L T A

PAML http://abacus.gene.ucl.ac.uk/software/paml.htmi BEHANILE

Tree-puzzle http://www.tree-puzzle.de/ BOREIMLEE R T B

MrBayes http://mrbayes.csit.fsu.edu/ ET M- BN TR

MAC5 http://www.agapow.net/software/mac5/ Fe 1 DU 7 vk g A

TreeView http://taxonomy.zoology.gla.ac.uk/rod/treeview.html R R TR



Likelihood

Phylogeny
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Model Selection
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Nature Medicine 22, 1187-1191 (2016)
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Dataset example box plot
Node:Leptospira mterrogans L1-130
Minimum:65
Q1113
Median:197
Q272
Maximum:223
Extremes: 379 458 483 569

iTOL: https://itol.embl.de/
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Gene: ortholog and paralog
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Gene: HGT
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Gene: HGT

Think about it:
how does HGT affect the molecular clock calculation?

@ Gram-negative s
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HGT identification methods
(phylogeny analysis)

1. Parametric methods 2. Phylogenetic methods
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HGT identification methods
phylogeny analysis)

A

Idealized tree topology
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