Phylogeny



Phylogeny

* A phylogeny (also known as a phylogenetic tree): a diagrammatic
hypothesis about the history of the evolutionary relationships of a
group of organisms.



Phylogenetic Tree of Life
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https://courses.lumenlearning.com/wmopen-nmbiology1/chapter/phylogenetic-trees/

Phylogenetic Tree of Animals
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https://www.sciencephoto.com/media/780514/view/evolutionary-tree-animals

Phylogeny Tree of Coronavirus

SARS coronavirus MA15 - FJ882957.1 , 25-Nov-2008 , USA: Tennessee
Severe acute respiratory syndrome-related coronavirus - NC_004718.3 , Canada: Toronto

Civet SARS CoV SZ16/2003 - AY304488.1 , Hong Kong

SARS coronavirus ZS-C - AY395003.1

Bat SARS-like coronavirus - KY417144.1 , 18-Sep-2012, China

- Bat SARS CoV Rm1/2004 - DQ412043.1

-{ Bat SARS-like coronavirus - MG772933.1, Feb-2017, China

Bat SARS-ike coronavirus - MG772934.1 , Jul-2015, China

w—\Nuhan-Hu-1|China|2019-Dec - MN908947

| Middle East respiratory syndrome-related coronavirus - NC_019843.3 , 13-Jun-2012

I Betacoronavirus England 1 - NC_038294.1 , 11-Sep-2012 , United Kingdom

Murine hepatitis virus - NC_001846.1
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Genomic epidemiology of SARS-CoV-2 with global subsampling
‘ Built with nextstrain/ncov. Maintained by the Nextstrain team. Enabled by data from (EX[»).

Showing 3185 of 3185 genomes sampled between Dec 2019 and Mar 2022.
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Other Examples for Phylogenetic Analysis

* Examples outside of Biology:
* Study how the news articles copy each other.

* Study how chain letters evolve (our example to use).

* Terminologies:
* Organisms: the studied subjects.
* Taxon (taxa): A taxon 1s a group of one (or more) populations of organism(s).

* Species: (usually) the largest group of organisms in which any two individuals of
appropriate sexes can produce fertile offspring.



In 1997, on a Hong Kong mountain, the story begins ...
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Chain letters — old style

Charles Bennett collected 33 copies of chain letters
that were apparently from the same origin during

1980—1997.

How does it work?

Make 20 copies and send to your friends.
Yes =@ some good things will happen
No =2 some bad things will happen.




Trust in the Lord with all your heart and he will acknowledge and

He will 1light the way. This Prayer has been sent to you for good

luck, The oripginal copy is from the Netherlands. It has been

around the vorld nine times. The luck has been brought to you.

You are to reccive good luck within four days of rcceiving this

letter. This is nojoke. You will receive it in the mail. Send

copies of this letter to people you think need good luck. Do not
sendimoney. Do not keep this letter. It must leave your hands

within ninety six hours after you receive it. An RAF officer received
§70,000. Don Flliott received #50,000 and lost it bccause he troke

the chain. While in the Phillipines, General Welch lost liis life six
dsys after he received this letter. He failed to circnlate the Prayer.
However, before his death, he received $775,000. Please send twbnty
cories and see what hapres'# to you on the fourth day. This chain
comes from Venzuela and was written by Sol Anthony De Cadif, a
‘missionary from South America. Since this chain must mzke a tour of
the world. you must make twenty copies identical to this one and

send it to your friends, parents, and acquantances. After a few

days you will get a surprise. This is true, even if you are not super-
stitious. Take note of the follow ing. Constantine Diaz received the
chain in 1953. He asked his secrctary to make twenty copies and send
them. A few days later he won a lottery for two million dollars in
his country. Carlo Craduit, and office employee, received the chain.
He . forgot it and in a few days lost his job. He found the chain and
sent it to twenty people. Five days later he got an even better job.
Dolin Moirchild received tle chain and not believing in it, threw it
away. Nine days later he died. For no reason vhat so ever should this 10
chain be broken



A sample Trust in the Lord with all your heart
letter:

Trust in the Lord with all your heart and he will acknowledge and
He will 1ight the way. This Prayer has been sent to you for good
luck. The original copy is from the Netherlands. It has been

around the wvorld nine times. The luck has been brought to you.

You are to receive good luck within four days of rcceiving this

letter. This is nojoke. You will receive it in the mail. Send
copies of this letter to people you think need good luck. Do not
sendimoney. Do not kece
within ninety six hours
$70,000. Don Elliott
the chain. While in

ter you receive it. An RAF officer received
ceived $50,000 and lost it because he troke

he Phillipines, General Welch lost his life six
days after he receifed this letter. He failed to cifcnlate the Prayer.
However, before Jris death, he received $775,000. PYease send twknty
cories and seeAmhat haprem # to you on the fourth day. This chain
comes from Vgnzuela and was written by Sol Anthony/De C,dif, a
missionary/from South America. Since this chain fust meke a tour of

days”you will get a surprise. This is true, ev¢n if you are not super-
Take note of the follow ing. Constgntine Diaz received the
hain in 1953. He asked his secrctary to make/twenty copies and send

ce, received the chain.
He found the chain and
e got an even better job.
elieving in it, threw it
vhat so ever should this

his country. Carlo Cradrut and o
He.forgot it and in a few days lost PN
sent it to twenty people. Five days 1la
Dolin Moirchild received tle chain and not
away. Nine days later he died. For no refaso
chain be broken

sendimoney. Do not keep this letter. It must 1 : ur hands
within ninety six hours after vou receive it jcer re

A few days later he won a lottbxy

&\\‘W’/ﬂ

the chain. While in the Philhpmes, General Welch lost his life six
days after he received this letter. He failed to circulate the Prayer.
However, before his death, he received $775,000. Please send twknty
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Chain letters — old style

These letters are different but appear to have the same

origin.

We were interested in reconstructing the evolutionary

history of these chain letters.

Because these chain letters are readable,
they provide a perfect tool for classroom
teaching of phylogeny methods and

test for such methods.

Scientific American: Jun. 2003

C. Bennett, M. Li, B. Ma: Chain Letters & Evolutionary Histories

SCIENTIFIC
AMERICAN

COMPUTER.
HEAL THYSELF

AN T
»

AT (e |
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An unclear letter reveals evolutionary path:
((copy) *mutate)*
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Why bother with chain letters?

http:/ /www.silcom.com/~barnowl/chain-letter/evolution.html

* Like a virus, it has reached billions of people, literally.
* Like a gene, they are about 2000 characters;

* It even resembles some subtle phenomenon in biological evolution!
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http://www.silcom.com/~barnowl/chain-letter/evolution.html

cause he broke the chain. While in the Philippines, Gene Walsh lost
his wife six days after receiving the letter. He failed to circulate
the letter. However, before her death he received $7,755,000. Please

WITH LOVE ALL THINGYS ARE POSSIBLE

This paper has been sent to you for good luck. The original copy
is in New England. It has been around the world nine times, The luck
has now been sent to you. You will recgive good luck within four days
of receiving this letter, providing, vop in turn send it on. This is
no joke, You will receive it in the majil. Send copies to people you
think need good Juck. Don't send money| as fate has no price. Do not
keep this letter. It must leave your hpnds within 96 hours. An RAF
officer received $70,000. Joe Elliot rjeceived $40,000 and lost it be-
cause he broke the chain. While in the' Philippines, Gene Walsh lost
his wife six days after receiving the letter, He failed to circulate .
the letter. However, before her death he received $7,755,000. Please (::()f:‘f()llltl()11
send ZU copies of the Iletter and see what happens in four days. The
chain comes from Venezuela and was written by Saul Anthony Decroup, a
missionary from South America. Since the copy must make a tour around
the world, yvou must make 20 copies and send them to friends and asso- . .
ciates. After a few dayvs you will get a surprise, This is true even Llfe 9 Wlfe
if you aren't superstitious. Do note the following: Constantion Dias
received the chain in 1953. He asked his secretary to make 20 copies
and send them out. A few days later he won the lottery of two million
dollars. Carle Dadditt, an office emplovee, received the letter and .
forgot it had to leave his hands within 96 hours. He lost his job. HIS 9 her
Later, after finding the letter again, he mailed out the 20 copies.

A few days later he got a better job. Dalan Fairchild received the
letter and not believing, threw the letter away. Nine days later he
died., Remember, send no money, and please don't ignore this.

IT WORKS

http://en.wikipedia.org/wiki/Coevolution
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Methods for constructing phylogeny

Charater Based Method

* Parsimony Method: Find a tree topology so that the total number of mutations
on the edges is the smallest.

* Pertect Phylogeny.
* Maximum Likelihood.

Distance Based Method
* UPGMA
* Neighbour Joining
Quartet Method
Whole Genome Phylogeny.

16



Character Based Method

The first category of phylogeny methods do three things:

Define characters/features for each taxon.
Define a score function for each tree based on the characters.

Find the optimal tree

17



Basics

* A character is a " feature” in the species.
* Vertebrate / invertebrate

* Has hooves / does not.

e A letter in multiple sequence alignment.

e The title is “Trustin lord ...” or “With love all things are
possible”.

* An evolutionary tree is a rooted and leaf-labeled binary tree.

RLAO METJA -------- METKYKAHVAPWRKIEEVKTLKGLIKSKPVVAIVDMMDVPAPGLEE IRD LIIRAL AAﬁLNZ L =
RLAO PYRAB —----—--—-—-—- MAHVAEWKKKEVEELANLIKS¥PVIALVDVSSMPAYPLSQMRRL IREN LIELAIKKAAQE LG f'
RLAO PYRHO ---------——-- MAHVAEWKKKEVEELAKLIKSY¥PVIALYDYSSMPAYPLSOMRRL II LIELAIKKAARKELG :
RLAO PYRFU --—------——-- MAHVAEWKKKEVEELANLIKS¥PVVALYDVSSMPAYPLSOMRRL IRENNG. LIELAIRKKVAQELG )
RT.nﬂ—DVRKO ————————————— MAHVAFR G KE¥EET.ANTTKS VTAT.YNVARVDAVDT.SKMRNDKT.R- AR AT.T.RVER TETAT ARART.h



More details

* Input: An 7 x 7 matrix of aligned characters. (# taxa,
m characters)
In the case of a multiple alignment, these are columns
with no gaps.

* Output: A labeled tree with least number of
mutations.

Characters (features)

a b ¢ d e

0
11000 01100
1 1 1 0 1 0O 1 3 0
2 0O 1 1 0 1\ -
11000 01100
taxg 3 |01 100 Xﬁlue?f 11010 01101 01101 11010
£ f A 8K B character e
: TR R of taxon 2.
: 11 [2]16||5] 143
6 1 1 0 0 O

One solution (not optimal)



Example:

Suppose we have four taxa:

W: AAAA
X: AGGA
Y: ATGA
Z: TTAT

There’re only 3 possible (unrooted) trees on 4 taxa. Which has the least mutations?

w Y X Z

20



Parsimony example

In this case, we need 5 mutations. The other 2
require 0.

So the “cheapest” tree joins W and Z on one side
and X and Y on the other.

Where is the root of the tree?

21



Ancestor Reconstruction

For a given topology, how to construct the ancestors? (in order to
calculate the score of the tree)

First observation: We can solve each column separately. So we can just
solve for 1-character strings.

Algorithm by Sankotff: tree-based dynamic programming.

22



Tree DP, details

For every node u of the tree and letter a of the alphabet 2, let
D[u, a] = min # of mutations in T if u’s label is a.

Let r be the root. We want min, D[r,x].

For a leaf node v, if the character at leaf v 1s a, then D[v,a] = 0, and
D(v, b) = 1 for all other letters b.

For an internal node u, with children v and w, suppose we know all of
the values of D[v, *] and D[w,*].

How to compute D[u,*|?

23



Tree DP details (end)

o

If we put letter “a” at node u, the cost of the left branch of the tree 1s the
minimum of

* Case 1. DJv,a]

* Case 2. 1 + min,,D[v,b]

The same argument holds for the right branch. So
D[u,a] = min (D[v,a], 1 + min, ., D[v,b]) +

min (D[w,a], 1 + min, ., D[w,b]).
Order of computation?

Time complexity?

24



Total runtime

We can ignore b#a and minimize on all b without changing the value.

Note: min,D[v,b] only needs to be computed once, not once every letter a for
mlﬂb?g aD [V,b] .

If the tree is binary, and the size of the alphabet 1s O, this algorithm takes O(#O)
time, since it’s just O(0) time at each node

25



Parsimony

Parsimony Method: Find a tree topology so that the total number of
mutations on the edges is the smallest.

e NDP-hard.

* Algorithm: For each possible tree topology, uses DP to compute cost. Output
the best tree.

Suppose there are f () trees on 7 taxa.
Total runtime: O (n#Of (n)).
Unfortunately, f () = 1*¥3%*.. . *(2#-5). (Roughly 712" or so).

26



Pertect Phylogeny

* A perfect phylogeny 1s such that for every character (every column), all
species with the same state of that character is a connected component

on the tree.
AT

AC

AT AT

GT

27



Algorithm for Binary Case

* Algorithm 1: Start with a set of all taxa. Find a

character and split the set into two. Recursion until

each set has only one taxon.

a b c¢c d e
1 |1 10 1 0
2 10 1 1 0 1
3 /01 1 0 0 jl>
41101 0 L.
510 1 1 0 1 /
6 |1 1 0 0 0 ¥

£1..2.3.4.56)
/ a \

{1, 4, 6} {2, 5, 3}
a4\ He %
4} {6} {2,5}] {3}
X /

{4} {2y {5}
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Perfect Phylogeny

* FPor binary characters, Algorithm 1 is a polynomial time algorithm. If
there 1s a pertect phylogeny, it outputs the perfect phylogeny.
* Equivalently, it the output is not a pertect phylogeny, then there is no perfect
phylogeny for the input.
* Theorem: If there 1s a perfect phylogeny for the input, and there are
constant number of states for the characters, then a perfect phylogeny
can be computed in polynomial time.

* 1 states, n taxa, m characters: O(2%" nm?).

29



Important Fact

* If a column has k different states, then
* any phylogeny requires at least k-1 mutations for the column.

* a perfect phylogeny only has k-1 mutations for the column.

* Conclusion: a perfect phylogeny 1s the best you can get for parsimony.

* Not all input matrix can cause a perfect phylogeny.

30



Maximum Likelihood

The score function used in parsimony (and perfect phylogeny) 1s too
simple, especially when sequencing data become available.

For example: the multiple alignment of proteins can be used as the input
* Thousands of columns (characters).

*  Mutations between different pairs of amino acids have different rates.
 Different substitution matrices on different columns.

The maximum likelihood method aims to provide a better scoring
function.

31



A Multiple Alignment

Q5E940 BOY¥IN - - - - —--——---—- MPREDRAT W LDD¥PKCFIVGADNYG

K N--PAL 16
RLAO_ HUMAN --------—-- MPREDRATW LDDY¥PKCFIVGADNVGSK N--PAL 76
RLAO MOUSE ----------- MPREDRATW LDD¥PKCFIVGADNVGSK N--PAL 16
RLAO_RAT ----------- MPREDRATW LDDY¥PKCFIVGADNVGSK N--PAL 76
RLAO CHICK ----------- MPREDRATW LDDY¥PKCFVVGADNVGSK N--PAL 16
RLAO_RANSY ----------- MPREDRATW LDDY¥PKCFIVGADNVGSK N--SAL 16
Q72063_BRARE --—-----—-—- MPREDRATW LDDY¥PKCFIVGADNVGSK N--PAL 16
RLAO_ICTPU -------—--—-- LND¥PKCFIVGADNVGSK N--PAL 76
RLAO DROME ----------- FDEFPKCFIVGADNVGSK N--POL 16
RLAO DICDI —-------—-- /Al KLFIEKATKLETT¥DKMIVAEADFVGS|S DLADSK--PELD 75
Q54LP0_DICDI ----------- AG- NVFIEKATKLETT¥DKMIVAEARDFVGS|S | DLADSK--PELD 75
RLAO PLAF8 ----------—- MYIEKLSSLIQQ¥SKILIVHVDNVGSNQMAS NL.AV——DQI. 16
RLAO_SULAC ----- G LKTHKT IIIANIEGFP ADKLHE IRKKLRGK - ADIRVIKNNLFN IALKNAG - - - -- oIk 79
RLAO_SULTO ----MRIMAVITQERKIAKW LREYHT IIIANIEGFPADKLHD G IARKNAG----- LDYVS 80
RLAO_SULSO ----MKRLALALKQRKVASWK IKNSNTILIGNLEGFPADKLHE ) s IDIH 80
RLAO AERPE MSVVSLVGQMYKREKPIPEW! FSKHRVVLFADLTGEP HFvvER RIILEAM,-AGLE———LDDN 86
RLAO_PYRAE -MMLAIGKRRYVRTRQFPAR LOKY¥P YVFLFDLHGLSSRILHE R K LFK IARETKVYGG - - - TP AR 85
RLAO METAC ------ MAEERHHT EHIPQWKKDEIENIKEL IQSHKVFGMVGIEGILATKM : ALNQLG----- ETIP 78
RLAO METMA ------ MAEERHHT EHIPQWKKDE IENIKELIQS VFGMVRIIgILATKI : IE ALNQLG----- ESIP 18
RLAO ARCFU ------ G RAVEEIKRMISSKPYVAIVSFRNVPA LERALDALG-----— GD¥L 75
RLAO_METKA MAVKAKGQPPSGYEPKVAEW.uREVKELK.LMDEIENVGLanlslpAp MR IALEEKLDER--PELH 88
RLAO METTH ------------- KEVQELHDLIKGYEVVGIANLADIPA ISLALEKAGREL--ENVD 74
RLAO METTL ------- MITAESEHKIAPWKIEEVNKLKELLKNGQIVALVDMMEVYPA k TGNPEFA 82
RLAO METVA ------- MIDAKSEHKIAPW IEEVNBLKI:LKSANVIALIDMMEVPBV TGNPEFA 82
RLAO METJA ------ EEVKTLKGLIKSKPVVAIVDMMDYPAP = ‘ RALK LNNPKLA 81
RLAO PYRAB ----------—-- KEVEELANLIKS¥PVIALVDVSSMPAYPLSQ ‘ LGKPEL 117
RLAO PYRHO ------------- KKEVEELAKLIKS¥PVIALVDVSSMPAYPLSQME AAKE LGKPEL 117
RLAO PYRFU -----—--—-—-——- KKEVEELANLIKS¥PVVALVDVSSMPAYPLSQ LGKPEL 11
RLAO PYRKO ---------—--- KKEVEELANIIKS¥PVIALVDVAGVPAYPLSK ) - ELG_‘QPEL 16
RLAO HALMA ----- EEVDAIVEMIESYESVGVVNIAGIP = 'V SRNTLLE RALDDYD-- - - - DGL 79
RLAO_HALVO ----- MSESEVRQTEVIPQWKREEVDELVDF IESYESVGVVGVAGIP ~ ALDEVN -~ - -~ DGF 79
RLAO HALSA ----- MSAEEQRTTEEVPEWKRQEVAELVDLLET¥DSVGY VNYTGIP GLHGQ- AALRMSRNTLLVRALEEAG----- DGLD 79
RLAO_THEAC ------------- 1ELVNEITIgIKASRSVAIVD.AGIR ALENLGD- - - -EKLS 72
RLAO THEVO ------------- EIVSELAQD ITKSKAVAIVDIKGVR {ALDSIND- - - -EKLT 12
RLAO_PICTO ------------- IDFVKNLENEINSRKVRRIVSIKGLRNN ARLLRLAIENEGK- - - -NNIV 12
“Tuler 1. ... ... 2 1 RO 1T < [ [ B0 B0 i 600 st ot sl Obaeatty it BOLE, ws) s 20

Max likelithood method starts with a multiple alignment. Ditferent columns
may have different substitution freqeuncy matrix.



Maximum Likelihood

T A T A

For each possible tree topology T, for each possible internal node
assignment, and calculate the probability based on the substitution matrix.

For each tree T, add up all probabilities of all possible internal nodes.
This is the likelithood of the input tree T. Figure shows a single column
of the multiple alignment.

Find the tree that maximizes the likelthood.
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More Notes about Maximum likelihood

Often more accurate than other methods.

Very time consuming. Usually heuristic algorithms and
dynamic programming algorithms are used to assist the
search and estimation of the likelthood.

It desired, one can also allow the change of the edge length
(the mutation rate at each edge).

Software available: e.g. PhyML.

34



Methods for constructing phylogeny

e Distance Based Method
e UPGMA
* Neighbour Joining

35



Distance Based Methods

Input of distance based methods is an #x# distance matrix

d(,)).

We want to compute a tree with n leaves, with edge weights.

T(i,)) 1s the distance of two leaves on the tree.

We want to minimize
This 1s also NP-hard.

So we use heuristics.

>\ d(i )~ TG, j)|

36



UPGMA

Unweighted Pair Group Method with Arithmetic mean.
A heuristic method with no performance guarantee.
At each time, it finds 7/ with the minimum distance.

Merge the two taxa 7/ into a new one # Update the distance
matrix.

For any k, let: d(u,k) = (d(1,k)+d(.k))/2.

Recursion.

37



Neighbor Joining

Saitou N, Net M. The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Mol Biol Evol. 1987 Jul;4(4):400-25.

Neighbor Joining uses a similar idea as UPGMA. But it uses a
more sophisticated formula to determine the two neighbors to
be joined.

Qi, ) = (r — 2)d(i,5) - Z (i k) Z 4G, k)

Find the minimum Q(1,)), merge 1, to a new node u.
Update d(k,u) = (d(k,i)+d(k,j)-d(,)))/2.

Recursion on the remaining r-1 nodes.

38



Neighbor Joining Idea

d(k,u) = (dk,)+d(k,j)-d(,)))/2

39



Methods for constructing phylogeny

Exhaustive Search

* Parsimony Method: Find a tree topology so that the total number of mutations
on the edges is the smallest.

* Pertfect Phylogeny.
* Maximum Likelihood.

Distance Based Method
 UPGMA
* Neighbour Joining

Quartet Method

Whole Genome Phylogeny.

40



Quartet Methods

For each group of four species, construct a tree of 4 (quartet), using
your most favorite method, say maximum likelthood.

Then find a tree that is most consistent with all the quartets.
The problem 1s NP-hard (to find the tree with least error).

There 1s a PTAS to do this (T. Jiang, P. Kearney, and M. Li. Orchestrating quartets: approximation and
data (FOCS'98))

41



Challenges in Phylogeny of Chain Letter

* Parsimony or maximum likelthood: How do we
know what is a - character — a feature to look at?

* In case of a chain letters?
* In case of whole genome phylogeny?

e Distance based: What distance to use?

e A “universal” solution -- information distance.

42



Information Distance

Let x and y be two strings. P be the shortest program that takes x as
input and computes y.

The length of this shortest program defines K(y|x). K is called the
Kolmogorov Complexity.

The information distance between x and y is defined as
d(xy) = max { K(x|y), Ky |9} / max{KE),KE)}.

Kolmogorov complexity 1s incomputable, but we can use compression
in practice.

43



Reconstructing History of Chain Letters

» For each pair of chain letters (x, y) we computed d(x,)),
hence a distance matrix.

> A DNA compression program 1s used to compute the
information distance.

» Using Neighbor Joining to construct their evolutionaty
history based on the d(x,y) distance matrix.

» The resulting tree is an almost perfect phylogeny: distinct
features are all grouped together.

44



Phylogeny of 33 Chain Letters

L15
L33
—
L26
L17
— -
G L4 "ear & 51 days"
L29 mutation
L21
Adding the phrase E L11
"previded you send L27
it hack out " 74 ; { L24
"And all things" A "St Jude & S470k" L16
title muteion it kS
/ L28
—
"I ave" fitle L13
i L30
L22
—1 —u
L9
L2
L8
C L23
"$5M
2| e L
L6
"Kiss" title g
mtation

L32
_:1:“9
L10

_Titl e
Netherlands; | st in
For no reason | the Lord
should this
chain be And all
broken. things
% T\.vhatever. ?
St.
Jude. | &
With love
1 i all things
are
possible

T

Kiss
someone
you love...
and make

magic.

$50k
lottery

¥
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Summary

Exhaustive Search

* Parsimony Method: Find a tree topology so that the total number of mutations
on the edges is the smallest.

* Pertect Phylogeny.
* Maximum Likelihood.

Distance Based Method
* UPGMA
* Neighbour Joining
Quartet Method
Whole Genome Phylogeny.

Chain Letter and 2019 nCoV
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