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Resolving Early Branches in
the Tree of Life

37 Domains of Life (Woese et al. 1990)

Archaea

Contentious issue in genomics:
Do the Archaea form a single clade
(Rivera and Lake, 1992)?

Eubacteria Eubacteria

Euryarchaeota Euryarchaeota
M‘:
Crenarchaeota — Eocytes Crenarchaeota — Eocytes

Eukaryotes Eukaryotes

Bacteria

Archaeal Tree Eocyte Tree
Early evidence based on phylogenetic reconstruction techniques:
e Model how biologic sequences mutated over time

¢ Infer branching patterns based on “shared" substitutions
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Traditional Phylogenetic
Reconstruction

Reconstruction Example Statistical Model

Assume: Homologous sites are iid and site
patterns (e.g. dotted box)

Huiman-T TCCTGG A
Chmp -TTACCTGG A
Mouse -A ACCT - =T A o
Fy A AGATCG A XY ... Z ~ Multinomial(pxy .. z)

9

Site:1 2 3 4 5 6 7 8

10 where pxy .z is determined by an
Along Molecular Sequence

unknown tree T and a continuous-time

Human Mouse Markov chain model (for residue
substitution) given by infinitesimal rate
Chimp matrix Q
Fly

. . : P(X — Yintime t) = {etQ}
e Substitution: single residue Xy

replaces another Calculating pxy ...z integrates out

) unobserved states (internal nodes, gaps).
e Insertion/deletion: residues

are inserted or deleted
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Fundamental Difficulty:
Sequential Estimation

Current phylogenetic reconstruction methods:

Molecular
Sequence Data — > Evolutionary Tree
(gatE) Clustalw MrBayes
fastDNAmI

T-Coffee
Parsimony
———— & P

Directly Observed Inferred Property

. Issues: Poor alignment biases phylogeny (Lake data: EF-1a/Tu)

e Use guide tree and naive evolutionary models (Trouble!)

Solution: Infer alignment and phylogeny simultaneously

Previous approaches: Limited

e Optimization alignment, parsimony-based

e TFK91/92, forbidden positional homologies, inefficient

SISMID - p.4



Alighment as a Random

L
Variable
Y M(A) £
3. % = ATMTC) 12-34 AT-TC Yy €
858, = (ATNT,G) 12-34 AT-TG Y
§ Y, = (I.LO,T.G) -1234 -TCTG 6
Y, = (T,0,7) -123- —-TCT - Ys
2. % = (%, %, %) -123 - — % Kk x —
28 Ys = (% kx%) 12-34 * Kk = x K Y, Y,
=

Just over 1 billion possible alignments for Y,

Explore space via Forward-Backward algorithm (DP)
(Scott, 2002) to consider all possible alignments !
(and phylogenies) in polynomial time, weighted by i
posterior probability

Note substitution process depends only on Y ., = separates substitution
and indel processes into (substitution likelihood x gap prior)
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Gap Model along a Branch

Let the multiple alignment A = (A1), ... A(B))

e A is composed of pairwise alignments along
each branch

e Pairwise alignment distribution follows a pair
hidden Markov model (pair-HMM) conditional
on equal sequence lengths at internal nodes

Pair-HMM parameterized by A = (4, ¢)
¢ §: Probability of indel

e ¢: Probability of extending an indel

Affine gap penalty ~ [log d] + (¢ — 1)[log €]
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Choosing the Blocks: Efficient
Sampling

Gibbs cycle over smaller blocks in alignment A:
A AR (A(3),A(4>), (A(S),A(G),AU))’ o

Let L = length of alignment:

e O(L), too cold (Holmes
and Bruno 2001)

Y, -

’

VSN
1

v,

Yy

e O(L3), too hot (Jensen
and Hein 2005)

o O(L?), just right? o o) o)

Possible poor mixing with O(L) algorithm:

Must move through unfavorable
2 \ intermediate to align/unalign sequence
A- -A A- -A A A fragments

(a) 2 indels (b) 3 indels (c) 1 indel SISMID - p.7

Improved Alignment Mixing
with O(L?) Sampling

O(L) and O(L?)
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Enabling MCMC transition kernel decreases:
e Burn-in time e Autocorrelation

Result: > 70x improvement shown here (12-taxon
EF-1a/Tu dataset).
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Sequential vs. Simultaneous
lllustration

SIVmac251 partial env sequences from Cheynier et al (2001)

Sequential (ClustalW) alignment of hypervarlable region:

kkk kkkkkk*k * ok ok k ok khkkkhkkhkhkhkhhkk *k K*hkkkk K*hkhkk*

ref
s1
s10
Ss11
S15
S16
S20
S5
s9

Simultaneous MAP alignment:

* k Kk * ok kk ok kk kK * Kk k k% * % * * % * k ok ok ok ok ok ok * % * k k k k * k ok k k
ref
s1
s10
sl1
s15
slé6
s20
S5
s9
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Sequential vs. Simultaneous
lllustration

SIVmac251 partial env sequences from Cheynier et al (2001)

Sequential (ClustalW) alignment of hypervarlable region:

kkk kkkkk kK * ok ok k ok khkkkhkkhkhkhhkk *k K*hkkkk K*hkhkk*

ref
s1
s10
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s15
sl6
s20
S5
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Sampled alignment (1):

* % %k * ok ok ok ok ok ok ok ok * ok k ok ok k * % * ok ok kkkkokkkk * % * k k Kk % * Kk k k k
ref
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s15
sl6
S20
S5
s9
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lllustration
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Sequential vs. Simultaneous
lllustration

ref
s1
s10
Ss11
S15
S16
S20
S5
s9

SIVmac251 partial env sequences from Cheynier et al (2001)

Sequential (ClustalW) alignment of hypervarlable region:

kkk kkkkkk*k * ok ok k ok khkkkhkkhkhkhkhhkk *k K*hkkkk K*hkhkk*

Sampled alignment (6)

ref
s1
s10
sl1
s15
slé6
s20
S5
s9

kkk Kkhkkkkkhkkk Khkkkk * * * % kkkhkkhkkhkk *kk khkkkk *kkk*k

‘
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Sequential vs. Simultaneous
lllustration

ref
S1
S10
S11
Si5
S16
520
S5
S9

SIVmac251 partial env sequences from Cheynier et al (2001)

Displaying the posterior distribution of alignments

Alignment uncertainty (Au) plot:

AATCATCAACAATAACAACAACAGCACCAACAACACCAAATACAACATCAACAAAGTCAATAGACA
AATCATCAACAACAACAACAACAGCATCAACAACACSAA———p——CATCAACAAAGICAATAAACA
AACCATCAACAACAACAACAACAGCATCAACAACACEAA———=—CATCAACAAAGTCAATAAACA

AAATCATCAACAATAACAACAACAGCACCAACAACACCAAATACAACATCAACAAAGTCAATAAACA!
. TCATCAACAACAACAAC mcc e . ATACAACATCAACAGAGTCAATAAACA!

GCACCAACACCAACAAACACAACATCAACAAAGTCAATAAACA
GCACCAACACCAACAAACACAACATCAACAAAGACAATAAACA

" Ml Certain

Uncertain

o Take “MAP” alignment as template

e Guild each residue with color reflecting probability of aligning to

“rootll
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Trees and Alignments:
Collapsed Gibbs Sampling

Problem: Tree and alignment are highly correlated

Further important aspect: Alignment-aware tree = sampling

Nearest Neighbor Interchange

Propose new
topology

Marginalize out alignments leading
to internal nodes (5 and 6) Resample new internal nodes

Generate (1,A)|Y,0 by 1. 7|Y,0 (collapsed)

2. A|1,Y,0
Similar procedure available for global changes (SPR moves)
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EF-1o/Tu Strongly Supports
Eocyte Hypothesis

(Homo, Sulfolobus) clade supported at > 99.9% (sampling resolution):

Escheria

Pyrococcus

cherici | R K" GAAR-AFDE IO 1"
B DKPRUNIVF IGHVDHGKSTE: @ D o .
PO, SR oAV GHVDHGKSTH - F X VPBHVIEQHK 3 . e R egions Of a ke d
Homo e NGHLIYKCGG 3 : R [ ) 10N mar
¥ pnav 1vrenvpHCKSTE TS o : .,
—MWMIMRQVWPYIIVEWU))WD——W- LLELVEMEVRELLSQYDFPGDDTPIV e

—DGVMPQTKEHAFLARTLGIKHI IVAINKNDMUN— - KRFEEVKAQUEKLLKMLGY ~ - PUTPIS h |
ane e e omolo
G L

GYNPMVAWPI'
SKFMKSFGE
RVERGL EVEE

(conservation)

KS, {FRKLLDEGRAGENVGVLLRGIKREETERGD = e RFESEVY I I YR 5 U Ce ta e O S

R A s e S T » e Uncertain region
vk xa.nnmmpsnwspmsmmmmgﬁ d
s VHHEALSEALPGDNVGFNVKNVSVKDVRRGNVE :

IETHATKIDKAEPGDNI GFNVRGVEKKDVKRGDV T2 11

e Shared indels

REAVROVROTVAVGVIZY,
RFAMRDMGKTVGVGVIID), e
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EF-10/Tu Strongly Supports
Eocyte Hypothesis

(Homo, Sulfolobus) clade supported at > 99.9% (sampling resolution):

Alignment Uncertainty (Au, “gold”) plot:

Uncertain [ 770 0 Ml Certain
Escherichi

Pyrococeus '(s KRFEEVKAQVEKLLKMLGY —@V;PVIPIS 1>
Halobacter
Homo

Sulfolobus

YD SKYNEWSGV'KDLFGQVGFNPDDAKFIAT§ E
-« KRYEEIVKEVSTYIKKIGYNPDTVAFVPISEc )
'4) "JKRFKEIVDTVSKFMKSFGFD] B

AK . cEYEAG YEG P
NI "

e Automatic detection of indels shared by descent vs. by state

e Two indels shared by Homo and Sulfolobus contribute support for
Eocyte Hypothesis
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Future Directions: Intra-Host
Viral Evolution

Retroviruses (and HBV) exist
as a quasi-species within infected
patients:

e Shared substitutions may be
insufficient to resolve intra-host
phylogenies

Improve resolution using joint
SNSRI 1 1[oTo (-1

1195 env sequences from 9 HIV+ e Indel rates > substitution rates
patients [taken from Rambaut et al.
(2004)]

e Opportunity to detect
intra-host recombination
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Improved Resolution —
| Can See!

Shankarrapa (1999) Pt #1: 3 time-points, 90% consensus trees

— 014-900

014-901
014-902

— 014-903

014-904
014-906

[— 014-907

014-909

— 024-911

024-913
024-914

— 024-917

034-922

034-926

014-905
014-908

— (3020
034-923

024-916

024-915
—

024-910
|—‘: 024-912
024-918

034-919
034-921

034-924
034-925

- Indel

——— 014-900
——— 014-901
——— 014-902

014-903
—— 014-904
—— 014-906
——— 014-907
|%—— 014-909
——— 024-911
|¢—— 024-913
—— 024-914

[-¢—— 034-922

034-926

014-905
014-908
024-916
024-917
034-920
034-923
024-915
024-910
024-912
024-918
034-919
034-925
034-921
034-924

+ Indel

¢ Indel events (x) = 2 additional bi-partitions supported.

SISMID - p.13

Codon Models: Not Always A

Good Thing

14-00
14-02
14-03
14-04
14-07
24-13
3422
3426
14-01
14-09
3420
3423
24-11
14-05
14-08
14-06
24-14
24-16
24-17
24-15
24-10
24-12
24-18
34-19
3425
3421
34-24

AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG]
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG]
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTACTTGG|
AGTATTTGG
AGTACTTGG|
AGTACTTGG|

ATAATAGTACTTTGAATAATGTTACTGAA
/ATAATAGTACTTTGAATAATGTTACTGAA
/ATAATAGTACTTTGAATAATGTTACTGAA
ATAATAGTACTTTGAATAATGTTACTGAA
IATAATAGTACTTTGAATAATGTTACTGAA
IATAATAGTACTTTGAATAATGTTACTGAA
IATAATAGTACTTTGAATA- - - TTACTGAA
IATAATAGTACTTTGAATAATGTTACTGAA
ATAATAGTACTTTGAATAATGTTACTGAA
ATAATAGTACTATGAATAATGTTACTGAA
- CTTTGAATAATGTTACTGAA
- CTTTGAATAATGTTACTGAA
IATAATAGTACTTTGAATAATGTTACTGAA
IATAATAGTACTCTGAATAATGTTACTGAA
IATAATAGTACTTTGAATAATGTTACTGAA
IATAATAGTACTTTGAATAATGTTACTGAA
IATAATAGTACTTTAAATAATGTTACTGAA
ATAATAGTACTTTGAATA- - - TTACTGAA
/ATAATAGTACTTTGAATA- - - TTACTGAA
ATAATAGTACTTTGAATAATGTTACTGAA
ATAATAGTACTTTGAATAA" TACTGAA

GGTACTTGG

HKY x1 (-1556)
e Codon model MO: w = 1.0(0.9,1,2) ~ HKY x3

14-00 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA
14-02 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA
14-03 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA
14-04 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA
14-07 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA
24-13 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA
34-22 AGTACTTGGEATAATAGTACTTTGAAT- - - ATTACTGAA
34-26  AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA
14-01 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA
14-09 AGTACTTGGEATAATAGTACTATGAATAATGTTACTGAA

34-20 AGTACTTGG-
34-23 AGTACTTGG:

- CTTTGAATAATGTTACTGAA
CTTTGAATAATGTTACTGAA

24-11 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA

14-05 AGTACTTGGEATAATAGTACTCTGAATAATGTTACTGAA

14-08 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA

14-06 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA

24-14 AGTACTTGGEATAATAGTACTTTAAATAATGTTACTGAA
T

24-16  AGTACTTGGEATAATAGTACTTTGAAT-

ACTGAA

AT
24-17 AGTACTTGGEATAATAGTACTTTGAAT- - - ATTACTGAA
24-15 AGTATTTGGEATAATAGTACTTTGAATAATGTTACTGAA
24-10 AGTACTTGGEATAATAGTACTTTGAATAA TACTGAA
24-12 AGTACTTGGEATAATAGTACTTTGAATAA TACTGAA
24-18 AGTACTTGGEATAATAGTACTTTGAATAA TACTGAA
34-19 AGTACTTGGEATAATAGTACTTTGAAT- - - ATTACTGAA
34-25 AGTACTTGGEATAATAGTACTTTGAATAATGTTACTGAA

34-21 AGTACTTGG
34-24 GGTACTTGG]

T-
T-

- - ACTTTGAATAATGTTACTGAA
- - ACTTTGAATAATGTTACTGAA

> >

HKY x3 (-1580)

e Singlet model more likely. Triplet model shifts indels and misaligns
residues
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