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theoretical analysis of
phylogenetic reconstruction methods
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substitution-only
model of sequence evolution

- phylogeny: T
- number of species: n ...AACTAAGGJCGCAGGGCCAAATG...

- number of states: r (=4)

rQG




pre-processing: aligning sequence data

- n DNA sequences

Homo sapiens ACAATGGAGA

Pan ACAATAAGCAAA
Gorilla ATCAAAAGCGG
- insert gaps

1
1 234 5 67 890

Homo sapiens A-CAATGGAG-A--
Pan A-CAATA-AGCAAA
Gorilla ATCAA-A-AGCGG-



issues with alignment

: takes time O(k")
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issues with alignment (cont’d)

- not taken into account

1
1 234 5 67 890

Homo sapiens GGAG-AAA
Pan A-AGCAAA
Gorilla -A-AGCGGA

can be explained
by one deletion

- hard to control biases
created by alignment
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alignment-free reconstruction

[Daskalakis-R., Annals of Applied Probability, 2013]
- we develop a computationally efficient, statistically consistent
approach to reconstruct a species tree under the TKF indel process

- does not require alignment
- also give sequence-length requirements similar to substitution-only case
- based on a probabilistic analysis of the indel process
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indel process (a la TKF)

- rate matrix Q (per site; independently)

ACAA AGAAA

- rate J (per site; independently)

ACAATY{GAGAAA

- rate A (per site; independently); insertion state is uniform

ACAA (-%EAGAAA

A to simplify
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distance matrix: substitution-only case

- n aligned sequences 1
1234567890

Homo sapiens A CATGAGAAA
Pan ATATA AGAAA
Gorilla ACACA AGGGA

p’(a,b): proportion of sites that disagree between sequences a and b
example: p’(Homo sapiens, Pan) = 0.2

- map {A,G} to +1 and {C,T} to -1 and let p’(a,b) be the
corresponding proportion of disagreements

D'(a,b)=—%10g(1‘2l?'(a,b) =-—1°g( E )

Expectation = exp(-2ut)

- find a distance for TKF model (that avoids the theoretical
problems of edit distance and k-mer count distances)



no need for alighment:
displacements are concentrated

- consider a path of length t

- each site survives with probability

exp(—ut)

- so number of surviving sites is

kexp(—w)i\/z

- similar argument for insertions implies total length is

ki\/z

- ALSO applies to site locations
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alignment-free comparison

. - divide the sequences into blocks
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block-wise statistics

- consider a block of length K
we use the agglomerated statistic

R =

1EX
divide into contributions from jointly surviving sites and inserted sites

RIR; = (JS:+1I7)(JS; +1;)
jointly surviving sites contribute
Kexp(-2ut-2qt)=K

inserted sites contribute
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new distance: averaging over blocks

L blocks are roughly independent

%ER;“R; =%E(]Sjj +I7)(JS; +1;)

o o . X
insertions contribute on average 0

jointly surviving sites contribute on average

K exp(-2ut -2qt)

variance is roughly

K*/L<<K* if L=w()
SO a (at least proportional to time) is
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summary

Theorem 1 (Consistency). Assume that 0 < t..n. < +oo, for all e € E. Moreover,
assume that the indel rates satisfy \. < p. for all e € E. Under these assumptions,
there exists an algorithm solving the phylogenetic reconstruction problem (that is, re-
turning the correct tree) with probability of failure approaching 0 as the sequence length
at the root of the tree goes to +oc.

Theorem 2 (Main Result: Two-State Ultrametric Case). Assume there exist con-
stants 0 < f, g < +oc, independent of n, such that all branch lengths t., e € E, satisfy
f < t. < g. Moreover, assume that nj. = 1, for all ¢ € E, where 1 is bounded between
two constants 11 > 0 and 1) < +0oc¢ independent of n, and that the indel rates satisfy
Ae = A, e =—/1, foralle € E, and A\ < p = O(1/logn). Under the assumptions
above, there exists a polynomial-time algorithm solving the phylogenetic reconstruction

problem (that is, returning the correct tree) with probability of failure O (n‘*'3 I), if the

root sequence has length k, = poly g, (n).
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