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PART O
background: phylogenetics




stochastic model of evolution

- phylogeny: T
- rate of mutation: u .AACTAAGGTCGCAGGGCCAAATG..
- number of species: n '
- number of states: r (=4)

no deletion/insertion
assume molecular clock A 6 C T C
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phylogenetic tree reconstruction

- treeson n leaves: T,

- model: (T, {t.}.ine) in ©,

- ki.i.d. samples: s, 1,..., s 1 2 3 4
_ A A

estimator:

4 :{SL}LHT eT,

n

aOa>
aOOQO®
QO>® 4

. - the estimator ¥, solves the
phylogenetic reconstruction problem
with k samples and confidence 1-3 if for
all models (T, {t.}.ig) in O,

ol (s )T le1-0

how does k scale as a function of n?
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distance-matrix methods

e inour case:
- associate to each pair of leaves a distance
D(1, j) = Zte
eeP(T;i, )

- defines a tree metric

key property:
completely characterizes the tree

reconstruction algorithm:
- estimate D(i,j) from sequences
- deduce the topology of the tree

. - reconstruction can be done very efficiently
- e.g. UPGMA
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clustering algorithm

: (D'(i’ j))i,je[n]
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sample complexity

. -assume O<f<t(e)<g, foralle
. - UPGMA needs polynomial-length sequences, i.e.,
k oc N©
PRIV
A A T T T | Hamming \ distance matrix

| é g ﬁ ﬁ (C: distance (D'(l’ J))i,je[n]

] 6 C C cC C

\C C T cC C /

H(S(),SU) _ 3 . oap) 3 1 o o
=—(l—-e """ )x=———if D(, j)=0O(logn
: | )~ 7~ if D, j)=0(logn)
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recap

. : phylogenies can be inferred in polynomial time from
polynomial length sequences (general result by [Erdos-Steel-Szekely-
Warnow’98])

. . is this the best we can do?

. : need at least Q(log n) samples...

20(n|ogn) ey 2nk
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PART |
insights from
statistical physics




inferring ancestral sequences

e ancestral sequence reconstruction
(a.k.a. the “reconstruction problem”)

- : sequences at leaves
- : infer sequence at internal node

e in statistical physics terms, when is
the limiting (free) Gibbs distribution
pure (or extremal)?

T
G
A
C
T
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improved algorithm

e loop
1) distance estimation
2) reconstruct one (or a few) level(s)
3) infer sequences at roots
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Kesten-Stigum bound

e Kesten-Stigum bound [Kesten-Stigum’66,
Higuchi’77, Evans et al.’00, Mossel-Peres’03]

- bound on critical branch length:

g*=|n\/§

- root estimator:

AcET :

440 4010 ty
+1 -1 ’
. A T
52224&'3; A b G6.___u__C,
ag[n] L_C___C____é____A__g_'
6 C C c "~ C
cC C T c C
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Ising case

. - transition at bo2 = 1

- [Bleher-Ruiz-Zagrebnov’95], [loffe’96],[Evans-Kenyon-Peres-Schulman’00], [Kenyon-
Mossel-Peres’01], [Martin’03], [Martinelli-Sinclair-Weitz’04], [Borgs-Chayes-Mossel-
R’06]

e reconstruction for b62 > 1 proved by [Higuchi’77], [Kesten-Stigum’66]
o “spinglass” case studied by [Chayes-Chayes-Sethna-Thouless’86]

HIGH EE6006000000d

Temp

Temp

dééed0000000®  LOW
/

v

typical® 251 bo2 < 1 -
boundary b: branching ratio
0: 2nd eigenvalue
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Steel’s conjecture: Ising model

IN=9
JEa

§am

ancestral phylogenetic
reconstruction reconstruction
[Daskalakis- )
Mossel-R’06] reconstruction <:> seq. length = clogn

[Mossel’04] non-reconstruction “ seq. length = n¢

n = # species
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beyond the KS transition?

. [R’08, Mossel, R, Sly’08]:
logarithmic reconstruction possible for general ‘channels’ in KS zone

- extremality threshold need not correspond to KS transition -> proved by
[Mossel’01] for g large enough

- connection to spinglasses [Mezard, Montanari’06]: KS threshold tight iff
‘dynamical’ phase transition is continuous

- results recently confirmed by [Sly’08]: KS tight for g=2,3 and not tight for
q>4
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PART Il
beyond the KS transition:
Potts model with large number of colors




Steel’s conjecture: continued

. -assume O<f<t(e)<g, foralle
. [Mossel, R, Sly’08] - for all
InvV2<g<In2

there is q > 0 large enough such that phylogenetic reconstruction
under (A) is possible with

| K oclogn
-
- protein sequence evolution
- sample complexity of distance-based methods
. - finding a root estimator that doesn’t simply ‘count’

the states at the boundary
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new root estimator |

. - an |-diluted subtree T’ of T is such that, for all s, each
vertex of T’ on level sl of T has exactly two descendants on level

(s+1)l
| levels <|:
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new root estimator |l

. - our new root estimator is as follows:
B(j,l) is the event that there is l-diluted tree with all leaves colored j
B[] is the set of colors j such that B(j,l) holds
pick J u.a.r. in 1,...,q
estimator X = J if J in B[l], o.w. pick uniformly in remaining colors

| levels
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new root estimator lli

. - for all

mJ§<g<m2

there is q, |, W > 0 such that the root estimator X satisfies

P[X = j|root = i]:(eWQ)..

for all colors i,j, where moreover w < W
Q.
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reconstruction algorithm

e loop
1) distance estimation
2) reconstruct one level
3) infer sequences at roots

September 16, 2008 Big Trees from Short Sequences

22



future directions

- sample complexity of MLE and parsimony
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edge disjointness

non edge-disjoint reconstruction
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estimating internal distances |
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estimating internal distances Il
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recall

. [Borgs-Chayes-Mossel-R’06] - exists 85 > 0 s.t. if b2 < 1 and |§|
< 3y then the reconstruction problem is not solvable
1/(1+6 1-6 -1 1
M = +0
o 2[\1-0 1+0 -1 1 o

O 00 11 10 O
—— <

)

r
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magnetization of the root

we use {+1,-1}

stationary distribution of channel M

w=(m )

. - the magnetization of the root is

X,(0,) =7 {x_Plo, = +1|0,]- 7, Plo, =-1] o, T}

. - it suffices to show Gp

o
EE”[X ]—0

basic proof idea: moment recursion

X <bOX, 368360505000

o,

. o

---------------------------------------------------
. K3
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more general result

e general trees - previous results
- - the branching number is defined as

br(T,6) = |nf{/1>0 Cult?efssZ(ﬂ, 4 H@Z(e)J }

eepath(p,x)

- |Evans-Kenyon-Peres-Schulman’00] binary symmetric case on general tree,
solvable iff br(T, 0) > 1

. [Borgs-Chayes-Mossel-R’06] - let O < 65 < 1. exists &, > O such
that
- for all stationary distributions n=(n,,r_) with max{|8(x,0)|,|8(x,-0)|}<5,
- for all trees with sup,|0(e)| < 6, and br(T,0) < 1
the reconstruction problem is not solvable
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theoretical approach

- arbitrary dataset . Z &2

- model-generated dataset

e« we focus on the latter

aAAaAx>
anNam>»

o plus: want “efficient” reconstruction

n = # species

k = seq. length

--------------------------------------------------------------------
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Darwin’s finches

: Pinta
b

» Marchena
= “Genovesa

Santiago ;
y 25 “y -Bartolomé

i
-Rabida -Seymour Norte
ndi ~Baltra
Fernandina
i -Plaza Sur
S?Q}I}’Cruz

Isabela San Cristebal

Pinzon 3 E
Santa Fe il

-Tortuga

. Floreana Espaiiola

pi gnirostri 25 piza Fortis
Geospiza parvula 4, Certhidea olivacea

Finches from Galapagos Archipelago
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“very local” metric

- to estimate distances of order M with precision ¢, one needs
eM
k oc —-logn
E
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maximum likelihood

data: n {0,1}-sequences of length k
()= (s (i), s (1)) {01 1< j<nf

likelihood

K

ATAESO.. S =T] ¥ [Tpe)* " a-pe) =

i=1 s*eExt(s;) e=(u,v)eE

MLE
(T*{t.*}) =argmin[-In A(T,{t.};S(D),...,S(n))]

(T{te})

statistically consistent [Chang’96], but:

- [Chor-Tuller’06, R’06] - NP-nard (i.e. “computationally
intractable”); actually hard to approximate
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