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Phylogenetic Groups

Monophyletic Paraphyletic Polyphyletic

A B L.

A B /e AN, D A B C D E F
E
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FIGURE 5.3. Different types of phylogenetic groups. In each panel, the phylogenetic group is indicated by a green shaded circle. (A)
Monophyletic group. All species (C and D) in the group share a common ancestor (E) not shared by any of the other species. (B) Pa-
raphyletic group. All species in the group share a common ancestor (F), but some species (D) have been excluded from the group.
(O) Polyphyletic group. A grouping of lineages each more closely related to other species not in the group than they are to each other.
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Sister Taxa
Relatedness
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FIGURE 5.16. Example of a multiple sequence alignment, showing alignment of a portion of the
bacterial species. Amino acids conserved across most or all of the species are highlighted in red. Letters are the abbreviations

Sequence Alignment
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of different amino acids (see Fig. 2.23).
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Escherichia coli
Xanthomonas campestris
Rhizobium phaseoli
Myxococcus xanthus
Helicobacter pylori
Anabaena variabilis
Steptomyces lividans
Bacillus subtilis
Clostridium perfringens
Borrelia burgdorferi
Chlamydia trachomatis
Bacteroides fragilis
Porphyromonas gingivalis
Thermotoga maritima
Deinococcus radiodurans
Aquifex pyrophilus
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RecA proteins from different



RRyy

MOTIFS

ULUuDuC <t o T CTLTT < UL UUUUDCIU e 000220 000< < ooWwDD23D SouUUUCICI
[SISISISIN SIS SIS[E NS [SISISISINE IR & &4 L LCCCCT < UUUUUD DT € UUDCUDD i SUUCU<IUDD
UUUUUUUUUY e DUDWUDDDD O <UC<U<UDD<D o o s o o Yo o o DuUd= <UD O
<CUUUUUDDOU = SUoUoU<SD g L L Rl UDuIDUs U < DU DUD<CTU -
LLUULL LT - LLLLLITLLD s e o s o o e Y 0 s < JID=<IOuU=<Jus 2 —
TLLLTCLCLT T <IDUUUTIOT JoUDD<TCIU (SREJUIUE £ £ du W]
- MleuuDuuL U UUUULD<sU0=0 < | [D3330C
oL L L LL LT TleU<sUuUL D (8 R R o B e B o B4
TR SRR =TT Wl DU D0CCT T
S IR 4§ ~ oo s D<<oUlC D
™ VEJSE TS oUDUUaD ' Uo
Ln <UUD<L<DIDD< UUUuUUD 33 o UuUouUDox ou
L oUUOUss o< UUUuuuuUCay =< e £ 4¥ (PR L aEE & Sl &]9]
EEE S S S & &L Ju <L LI LU UUUUU<U<UY 2 I B B 24 [ T PR 4
s T s e o o o o R SuUUDU=I<ID SuUUUUUUUUY = [ECEEE S BURVEN o I =16 SRR
<C<CUCTIUITT o DUDD0UDDD 3333333333 3 IR £ 4 U< L D
D3033330<3U = Ml UU=<LUUDDD0 <L LT o O SO U=<UuuUD =
UIDIDDID=2U0320 o <<Q0O022320 <LO<00<0<0 O L s B CLLLLLD T
JDUDDUDUDU = UUUUUDDDDU e JUDDD=<DUx CLLLLLTICCT = [ S [SRISISISICE AT &4
D3D33333D3 O DUUUUUDDDU = cLcCOCTCIU > UUUUUIDCCT T > [ e R csascLCT T
UUUUULUUVUUY U JUuUgUUUT<y LLLLLITLIC <L C<LCCICT L IR K DL LLICT LU
0302333332330 O T cUUTT SU«D<I<<oU << c<<UD << EE £ NI <UUU<LIT 30D
UUUUUDUDUY UuUUUIU sy U<cIcIcUTT [SRE & 161 R U SUUrUgD D <T<TCTUCIOD
UUUUUUUDDU u <UDIUULD U UUUUUUUsUY [N EIE. SN e s o o | o o R (SRR L g L ]
UUUUUUCOTT o DoUCUT o CUUUU=2UDU CUUUUUUUUg < CLUCICD T CU<C<OUTIUD
CLLCIU T Tl ccOcUD<DD UUUUUUsc<y O UUDUS<IDD I E - 4o Sl [
LU L 1D el U <D< 00 o o e o o Yo B o =D <0< 00COU =|DO0<<UDDDD
ISR JUISL £ U] DUID33333330 o <<JUUs33o<< U OO <U<CL2D UL<O<CU<320
UU  UDDD UUUUUUCUaSy <U<<<UD3300 < OU<D<ID0C LU0 <ULy
~ oUuUooUUxT < Cc<T<<ICT <L C<LLIDIT < LL<<<IDIT CoasCCCTLTL
OO0 oo«<333030< <2223 20D« UU<<UU0C<Co0 o < LCCCU03320 o CLLLLCLLLLL o
o o T s o Yo T o BN R o T S & D3D3UDDDDD = U oUUUUU=LUg = 0333232332330 2
[ IR E 4 CLTIUT LT B o L UUUUUDUDDU - UUuuguuouuuo v
DUUUUUDOSU LR o <UUDU D T DDUDDDD r=U < << <ICI 0T L 4 ]
RS LASSEL L L4 UUToUU g - CLLIT e UTTOUD DU (SRSISEJCE £ £ 4 ] UUUUDUD o
UUCUUDDDDT II<CUUDDDDT - LU = QU= ot
(SRS RS L) DOy DUOO00=<Oaxa oo L T &
JUDUUUDDDD CluccsUc<ocd ~ L
L L LT o T ccucuUDU< - =
DU e CLCCTTTCTT > Do v s
CLLLLLLLLT = <UJU00UU<oU< U =
DUUUIWIoooD - <232333223333x < <L DOooU0u0=ul -
JUUUUUIDIDD > UJuuuUuIIoU <€ <0UD<DcD €L L UUoUUUuug=UD o
JUDDUDDDDoU = T e o e B TS T [ IR g s U CUDU<LDIDDDx
UUUUUIDDLD > [SISISTS 1N 518 m b 1E] Slo«ouDuD<oU = T U< U200 UUuUUguUIUuuuUD o
DUUUUD <D0 o UUUUUUUIU U DDUDDUDU = o U000 D UUU0U0<cU<c<d  «
LR E S L b ] UUUUUIDDoU = < DJ<<<<ID<T <D< <CITTT <
<UD <IUCUD UUUUUUIDDIU L SR fLLL LT LLL <
casUucscUc cUcCcTTTULT -~ (SR R P CULIUDT<CIT UUUUDID<3D
— oo o Jow o o T s o oo 1 SN S - O R T o o 1 e U3 U Uoy<30323323 = UuUULuUYoOU
e Dcudc st MleuuuIUuc <o < UUUDC T [EEREE & b= IR DUUUUULUL <
mMououuuuLuy O (SLSLSI S S b gu k4 8] D<222222230 = (SR 4UIEISL guln . {8] R 4O [CRGEAVECE L4 S qu)
vuuuULUuUuu U UuyguuVLoUY - UuoyguuUu<«sUuy . < LU <UD | Jvuw oou. e <+ UUD3DDD
S Efgy E 5 Efg S EZu S Efug S Edgy £ Efg £ Efg
_ 8 E£F _ 8 £33 m _ B EE m _ B EE m —_ B E£= m _ B2 EE m _ B E£5 m
e} =] ) v i) =} =] vy e =} ] v e =} "] v e} =] ) wy o =] ] (%] el 0 )
E o2 8848 L E o2 28858 € E o2 28858 O E o2 28858 O E o2 D88g% 2 E o2 28858 £ E 2 E88s2
mde..h 2emE m mde.h 2crs m mde..n 2emds m mde..h 2ems m mdwu..n Zend __m mdwu.h 2enE __m mdwu..n AErE
_Mm._nim_samu.n_a W._nim_mamu.n_a _Mm._n|m.5amu.u_a _Mm._nim_samu.n_a _Mm._nim.samu.n_a _Mm._nim_samu.ua _Mm._nim_samu.ua
== mO<icenQTOE = moO<iieQIioS = m o<t QTU0 = m o<t QTOE = EoOTitnQTO8 = mO<iinOIO8 = [eopa v Tl )
l*ll‘ 32
&) @]
n O <
AJ...I. J
]
S—
o
AH“V Fffﬁu
\\ -+
<< =2
[=2] \ <
n 3
- < o<
A_..uU /# < o < < o <
2-u- \ \ ) < N <
O-08 7\ \ ) o~ /o< o O N_<
< A\ Lov < 5 U uE N
u — - L0 70 - O <
— ﬁuA - O ‘MU Yo [==] =+ o
=2 v - < o
Sy - <
v/ D < 200«
J 0 s I 111 <
< .AAFLHuU &
/S < <
< g ] < J -
= \\A” = J ) ]
o < o\ <
AHV = - DN S <
-
© - T S0« O—< /o
S M o7\ D g o
o /0. = U N < </ /< R
DL 5 (G < 0 N D e HLU
U/ D o N Q [2¢
< 2 < S0
< - O/ 009 TN <
< O o/ <
U o
< > UDD<DDUU
< D<UD<<UD
2 < SUULUC U<
&) < ooOU=x<O2OU
5 <UD<DIo<<
MIII 2 << 02000
- 70 < VO<< U<
M < < /7 o 20D LU
Ugao©w v < <U<0<<<OU
= J_UA DS0UD<<UO
< U<UOD0u<uU
Lm
[3p]
“““M <




Tree reconstruction methods

TABLE 27.4. Molecular phylogenetic methods

Method

Parsimony

Distance

Maximum likelihood

Bayesian

Description

Possible trees are compared and each is given a score that is a reflection
of the minimum number of character state changes (e.g., amino acid
substitutions) that would be required over evolutionary time to fit the se-
quences into that tree. The optimal tree is considered to be the one re-
quiring the fewest changes (the most parsimonious tree).

The optimal tree is generated by first calculating the estimated evolu-
tionary distance between all pairs of sequences. These distances are
then used to generate a tree in which the branch patterns and lengths
best represent the distance matrix.

This method is similar to parsimony methods in that possible trees are
compared and given a score. The score is based on how likely the given
sequences are to have evolved in a particular tree given a model of
amino acid or nucleotide substitution probabilities. The optimal tree is
considered to be the one that has the highest probability.

A variant of maximum likelihood in which the likelihood of a tree itself
is calculated.

Based on Table 3 in Eisen J.A. 1998. Phylogenomics: Improving functional predictions for uncharacter-
ized genes by evolutionary analysis. Genome Res. 8:163-167.



Distance Phylogenetics

* Calculate distances between taxa
* Use an algorithm to infer a tree from those distances

« Based on principle that divergence occurs after
organisms separate



Parimony Phylogenetics

» Based on Principle of Parsimony / Occam’s Razor

* Possible trees are given a score of the fewest number
of sequence changes required to fit data into tree

» Score for all possible trees



Likelihood Phylogenetics

« Based on Bayes' Theorem

* Trying to calculate the Probability of the Data, Given a
Hypothesis

* For each tree, calculate probability that the data (e.g.,
sequence alignment) could come from that tree

» Score for all possible trees

* Prob(H|D) = Prob(H and D) + Prob(D)
* Prob(H|D) = Prob(DIH) x Prob(H) + Prob(D)



Bayesian Phylogenetics

« Based on Bayes' Theorem

* Trying to calculate the Probability of the Hypothesis,
Given the Data

* For each tree, calculate probability that the tree could
come from that data ((e.g., sequence alignment)

» Score for all possible trees

* Prob(H|D) = Prob(H and D) + Prob(D)
* Prob(H|D) = Prob(DIH) x Prob(H) + Prob(D)



« Based on Bayes' Theorem

* Prob(H|D) = Prob(H and D) + Prob(D)

* Prob(HID) = Prob(D|H) x Prob(H) + Prob(D)



Many possible trees

o © © N O U~ W

—

TABLE 27.5. Number of possible branching patterns versus number of OTUs

Rooted Trees®

3
15

105

945
10,395
135,135
2,027,025
34,459,425

Unrooted Trees

1

3

15

105
945
10,395
135,135

2,027,025

2n-3)x2n-5x2n-7)x - x3 x1 =
2n-=-3)X2n-5)x2n-7)x - x3 x 1 =

@2n = 3)/[2,_ > x (n = 2)1].
2n =52, _5x (n=23)].



Other Tree Related Issues




Bootstrappinc

Dataset

0123456789
seqh ACCGTTCGGT
seqB ATGGTTCAGA
seqC ATCGATCGGA

PO \

Replicate 1 Replicate 2 Replicate 3
(a) Step1 1562314951 5234924418 5607718907
Assemble pseudo- seqA  CTCCGCTTTC seqA TCGTTCTTCG seqA TCAGGCGTAG
datasets, repeat seqB TTCGGTTATT segqB TGGTAGTTTG seqB TCAAATGAAA etc
1000 times seqC TTCCGTAATT seqC TCGAACAATG seqC TCAGGTGAAG
(b) Stgp 2 Tree 1 seqA Tree 2 seqA Tree3 __seqa
Build trees for each seqgB | | seqC | |____segB etc
pseudo-dataset seqC seqgB seqC

to give 1000 trees \ l /

(c) Step 3 67% segA
Tabulate results seqB
— s5eqC

(strict consensus tree)

Bootstrap consensus tree

TRENDS in Genetics

Fig. 6. Bootstrap analysis proceeds in three steps. The dataset is randomly sampled with replacement to create multiple pseudo-datasets of the same size as the original
((a), three are shown in this example). (b) Individual trees are constructed from each of the pseudo-datasets. (c) Each of the pseudo-dataset trees are scored for which
nodes (groupings) appear and how often. In this case, a node uniting segA plus seqB is found in two of the three replicate trees. This gives a bootstrap support for this
grouping of 2/3 or 67%.

http://tigs.trends.com



Bootstrapping

A Bootstrapping

Alignment of sequences

Species 1 AT TGAT
Species 2 AT GAR
Species 3 AT GAR
Species 4 AT CGCC
Bootstrapping alignment #1
Species 1 AT TAAT
Species 2 AT
Species 3 AT
Species 4 AT CCCC

Bootstrapping alignment #2

Species 1 ATGGGGGA TGAT
Species 2 ATGGGG GAR
Species 3 ATGGGAG GARZ
Species 4 ATGGGAG CGCC
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Jacknifing

B Jackknifing

Alignment of sequences

Species 1 ATGTTEGGATGETGAT
Species 2 ATGTTEGEAAGGAGANA
Species 3 ATGTTAGGAGAAGARN
Species 4 ATGTCAGCAGCCGECC

Jackknifed alignment 1 (10 columns kept)

Species 1 AT-T-GEA-GG-GA—
Species 2 AT-T-GGEA-GG-GA—-
Species 3 AT-T-AGG-GA-GA-
Species 4 AT-T-AGC-GC-GC-

Jackknifed alignment 2 (10 columns kept)

Species 1 —-—-GTTGEGG—--GGET-AT
Species 2 ——GTTGEGEG—--GEA-AA
Species 3 ——GTTAG——-GAA-AN
Species 4 ——GTCAG——GCC-CC

19



Congruence

Paromius exiguus (Lygaeidae)

Poecilocoris lewisi (Scutelleridae)
100 Agonoscelis nubila (Pentatomidae)

Plautia crossota (Pentatomidae)

————————— Brachyplatys subaeneus——----
ypiatys ] 100
———————— Brachyplatys vahlii-———-——~- 100499

0.1

-——=Coptosoma japonicum ————————"~ - 100
100 { P ! 100 83/99
1007100 —=- Coptosoma sphaerula == ——=——=—-- 1007100
76/68| e Coptosoma parvipictum————————-—- 69/54
——————— Megacopta cribraria——----~-
100/100
10000 _ ———Megacopta punctatissima——-——--
Buchnera aphidicola {aphid Acyrthosiphon pisum) 100
| | Buchnera aphidicola {aphid Yamatocallis mkyuens.r'ﬂ%
0.1 Buchnera aphidicola (aphid Geoica urticularia) (8/83

20



A

FProtein
FProtein
FProtein

FProtein
Mask

Protein
Frotein
Protein
Protein

B b =

B b =

DEMGLGKEK----RK--VESTR
DEMGVGERGH- - - - - LESRK
DDMGLGRWK---R--VESTE
DDMGLGHEEKK---- - VDSTEK

11111111000000011111

DEMGLGEEVESTR
DEMGVGERLESREK
DDMGLGEREVESTE
DDMGLGHEVDSTEK
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(a)
taxon
E— cees|eeeslOius|dese20.00]eee30.d0] 00040000 ]....50
Fu | Nosema.40928 OFGLFSPEEIRASSVALIR--YPETLENG--VHKESGLVCAGHFGHIELVK
Fu | Aspergillus. OFGLFSPEEIKRMSVYHVE--YPETMDEORORHERTKGLECPGHFGHIELAT
Ap | Plasmodium.3 ELGVLDPEIIKKISV(QEIV--NVDIYKDG--FHREGGLYCPGHFGHIELAK
An | Cricetulus.2 OFGVLSPDELKRMSVTEGGIKYPETTE--GGRHEKLGGLECPGHFGHIELAK
An | Homo.7434727 OFGVLSPDELKRMSVTEGGIKYPETTE--GGRHKLGGLECPGHFGHIELAK
An | Drosophila.9 OFGILSPDEIRRMSVTEGGVOFAETME--GGREKLGGLECPGHFGHIDLAK
An | Celegans.133 OFGILGPEEIKRMSVAH--VEFPEVYE--NGKHKLGGLDCPGHFGHLELAK
Fu | Spombe.54881 OFGILSPEEIRSMSVAK--IEFPETMDESGORHFRVGGLDCPGHFGHIELAK
Pl | Athaliana.40 OFGILSPDEIROMSV]H----VEHSETTEKGKHKVGGLECPGHFGYLELAK
My | Ddiscoideum. -————————— ECPGHFGHIELAK
Rh | Porphyra.316 - —-————————— ECPGHFGFIELAK
Kt | Tbrucei.1l021 OFEIFKEROIKSYAV(GLVEHAKSYANA----AOSGEAECPGHFGYIELAE
Kt | Leishmania.7 OFEVFKEAQIKAYAKGIIEHAKSYEHG----OBVRGGIECPGHFGYVELAE
(b)
taxon ceee]eee 100 TR0 B0 e 40l .50
Fu | Nosema.40928 OFGLFSPEEIRASSVA IRYPETLE--INGVPKESGLVCAGHFGHIELVK
Fu | Aspergillus. OFGLFSPEEIKRMSVV VEYPETMﬂE RPRTKGLECPGHFGHIELAT
Fu | Spombe.54881 OFGILSPEEIRSMSVA TEFPETM RPRVGGLDCPGHFGHIELAK
Ap | Plasmodium.3 ELGVLDPEIIKKISVC IVNVDIYK--DGFPREGGLYCPGHFGHIELAK
An | Cricetulus.2 OFGVLSPDELKRMSVT IKYPETTE GRPKLGGLECPGHFGHIELAK
An | Homo.7434727 OFGVLSPDELKRMSVT IKYPETTE GRPKLGGLECPGHFGHIELAK
An | Drosophila.9 OFGILSPDEIRRMSVT VOFAETME GRPKLGGLECPGHFGHIDLAK
An | Celegans.133 OFGILGPEEIKRMSVA VEFPEVYE GKPKLGGLDCPGHFGHLELAK
Pl | Athaliana.40 OFGILSPDEIROMSVI VEHSETTE GKPKVGGLECPGHFGYLELAK
My | Ddiscoideum. —-————————— . —— ECPGHFGHIELAK
Rh | Porphyra.316 —-—-———————— ECPGHFGFIELAK
Kt | Tbrucei.1l021 OFEIFKEROIKSYAVC VEHAKSYA AADOSGEAECPGHFGYIELAE
Kt | Leishmania.7 OFEVFKEAOIKAYAKC IEHAKSY- GOPVRGGIECPGHFGYVELAE
TRENDS in Genetics

Fig. 5. Refining an alignment. (a) The raw output from a ClustalX alignment of
rob1 sequences, which predicts six insertion/deletion events (boxed), some of
which are blatantly inconsistent with known taxonomy. (b) The refined alignment
makes much better evolutionary sense, because it shows only two insertion events
in well-defined taxonomic groups (animals and higher fungi). Taxon labels are Fu
(fungi), An (animals), Pl (green plant), Ap (apicomplexan), Rh (rhodophyte), My
(mycetozoan), Kt (kinetoplastids). In (b), the sequence from Saccharomyces
pombe has been placed adjacent to the other fungi to make these relationships
more obvious.



Concatenation

A Gene alignments B Concatenated alignment

B L bl —

P L Pl =k

Fa Lud ol —

P LS —

o Ldbd —
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Homoplasy

A
Sequence 1 GACGAG
Sequence 2 2 GCCGAC
B
Sequence 1 Sequence 2
GACGAG GCCGAC
G— Aat C— Aat
position 5 position 5
GACGGG GCCGCC
G— Cat
G — A at position 5
position 2 G— Cat
position 6
GGCGGG

GCCGGG } Ancestral sequences



Orthologs and Paralogs

(a) (b) (c)

—geneX — geneX geneX

- . Y 4 .
a0k Gorilla Human

Gene duplication: ¢

Human

Speciation: N\ Chimp - )
Species A Species B

TRENDS in Genetics

Fig. 3. The problem with paralogues. (a) Paralogous genes are created by gene duplication events. Gene X is duplicated in a common ancestor to species A and B resulting
in two paralogous genes, X and X'. All subsequent species inherit both copies of the gene (unless one or the other is lost somewhere along the way). (b) Phylogenetic anal-
ysis of the X/X' gene family gives two parallel phylogenies. All sequences of gene X are orthologues of each other, and all the sequences of gene X' are orthologues of each
other. However, X and X' are paralogues. Both the X and X' subtrees show the true relationships among the three species. The subtrees are also each other’s natural out-
group, and as a result each subtree is rooted with the other (reciprocally rooting). (c) A tree of the X/X' gene family can be misleading if not all the sequences are included
(because of incomplete sampling or gene loss). If the broken branches are missing, then the true species relationships are misrepresented.



Clustering vs. Distance Trees



UPGMA

Unweighted Pair Group Method with
Arithmetic mean (UPGMA) algorithm



The True Tree




Distance Matrix For True Tree

TABLE 27.6. Distance matrix

OTUs A B C D E F

A
B
C
D
F
F

xR o O A~ N O
xR O O B~ O DN
e o o O b b
o ~ O O O O
c O H~ O O O
S & &0 & o O




Collapse Diagonal

TABLE 27.7. Diagonal matrix—Step 1

OTUs A B C D
B 2
C 4 4
D 6 6 6
E 6 6 4
I 3 38 3 3




Identity Lowest D

OTUs

2

4 4

6 6 6

6 6 6 4




Join Those Two Taxa

e Create branch with length = D



Make D from Node Equal




Create New Distance Matrix

 Merge Two OTUs joined 1n previous step
(AB)

D, \g=0.5* (D, o + D, p)



New Matrix

TABLE 27.8. Diagonal matrix—Step 2

OTUs AB C D
C -
D 6 6
& 6 6 -
I 3 3 3




UPGMA

TABLE 27.9. Example of UPGMA tree construction

Step Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6
Distance matrix Olus A B C D E OTus AB C D E OTUs AB C DE OTUs ABC DE OTUs ABCDE No new matrix
Bl 2 Cl| 4 Cl| 4 DE 6 E 8
Cl4 4 D| 6 DE| 6 6 F 8 8
D6 6 6 E| 6 4 DE| 8 8 8
El6 6 6 4 FI8 8 8 8
FI8 8 8 8 8
Identify AeB =2 AB&C =4 AB&DE =6 ABC«DE ABCDE«F
smallest D DeE=4 CesDE=6
Taxa joined Aand B D and E AB and C ABC and DE ABCDE and F
Subtree
L 2 D 1 : A | A | —— A 1 } A
LI 2 ¢ B 1 LB 1 B s
C 2 C 1 2 C 1 5 C
1 = D 1 = D Root 1 D
2 2 2
E E 4 E
4 : -

First a subtree is drawn
with AB and C:

Comments on The distance between A Branching done as in

The tree is first done as in  The tree is now complete The tree can then be
and B is 2 units. A sub-

but unrooted.

tree drawing

tree is drawn with the
branch point halfway
between the two. Thus,
each branch is 1 unit
in length.

Step 1. Because the
distance from AB to
Cis also 4, that pair
could have been
selected as well.

2AB

5 C

The the AB subtree is
attached to the AB
branch at a point equal
to the length of the A
and B branches.

Step 3 with the ABC
and DE subtrees
replacing the branches.

rooted using midpoint
rooting which tries to
balance all the tips to
reach the same end
point. Note this is the
tree that we started
with to build the
distance matrix.



Compare to True Tree




But ...

* What 1s evolutionary rates not equal



Unequal rates




UPGMA with Unequal rates

TABLE 27.10. UPGMA tree construction errors

Cycle 1
Distance matrix A B CDE
B 5
C 4 7
D 7 107
E 6 9 6 5
F 8 118 9 8
Identify AC =4
smallest D
Taxa joined A and C
Subtree
§ A
C
Comments

Cycle 2
AC B D E
B 4
D 7 10
E 6 9 5
F 8 11 8 9
De—E=5
D and E
= E

Cycle 3 Cycle 4
AC B DE ACB  DE
B - DE 8
DE 6.5 9.5 F 9.5 9.5
F 8 11 8.5
ACeB =4 ACB&DFE =8
A and C with B ABC with DE
1 A 1 2 A
C 0.5 2 ¢
3 3 ,
B > B
1.5 2“5 D
= E

ABCDE—F=9

ABCDE with F

1
0.5 2

0.5 3

15 2.5
2.5

4.5

mm ggw 0O >

Note how this is not the
same as the starting
tree.

Cycle 6

No new matrix

1 A

1 15

1 2 C

Root 1 ; D
E

4 F



Compare to True Tree




Neighbor Joining



Start with Star Tree



Calculate S

e For each OTU, calculate a measure (S) as
follows.

e S 1s the sum of the distances (D) between that

OTU and every other OTU, divided by N-2
where N 1s the total number of OTUs.

e This 18 a measure of the distance an OTU 1s
from all other OTUs



Calculate Pairwise Distances

o Calculate the distance D;; between each OTU
pair (e.g., 1 and J).



Identity Closest Pair

e Identity the pair of OTUs with the minimum
value of D;; - §; - S,



Joining Taxa

 As1in UPGMA, join these two taxa at a node
in a subtree.



Calculate Branches

e (alculate branch lengths. Unlike UPGMA, neighbor

joimning does not force the branch lengths from node
X to I (Dy;) and to J (Dy;) to be equal, 1.e., does not

force the rate of change in those branches to be equal.
Instead, these distances are calculated according to
the following formulas



Calculate New Matrix

e Calculate a new distance matrix with I and J
merged and replaced by the node (X) that
joins them. Calculate the distances from this
node to the other tips (K) by:

e Dy =Dy + Dy — Dy)/2



Distance Matrix

A B [C |[D E
B [5

C (4 |7

D (7 |10 [7

E [6 9 [6 |5
[F [8 |11 [8 |9 '8




Sy =(0+4+7+6+8) / 4 = 7.5
Sp = (5+7+10+9+11) /4= 10.5
Sc = @+7+7+6+38) / 4 = 3
Sp= (7+10+7+549) / 4 = 9.5
Sp= (6+9+6+5+8) / 4 = 8.5

Sp= (8+114+84+94+8) / 4 = 11



Mij — Dl]_ Si_ SJ

Smallest are
Myg=5-75-105=-13
Mpp=5-95-8.5=-13
Choose one of these (AB here)



New Iree

Create a node (U) that joins pair with lowest

M;; such that

SIU — DU/2 + (SI — SJ) / 2
Merge U with other taxa

Join I and J according to S above and make all
other taxa in form of a star






New Matrix

e Dy =D+ Dyx — Dy where I and J are those
selected from above.



TABLE 27.11. Neighbor-joining example

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Distance matrix A B C D E u, C D E U, C U, U, U, U,
B|5 C| 3 CcC |3 Uy | 2 F | 5
cl|4 7 DI 6 7 U, |3 4 F I 6 6
D|7 10 7 E 5 6 5 F |7 8 6
E|l6 9 6 5 F 7 3 9 3
F18 11 8 9 8
Step 1
S calculations Sa = (5+4+7+6+8)/4 =7.5 Suy = B3+6+5+7)/3 =7 Su; = 3+3+7)/2 = 6.5 5“2 =(2+6)/1 =8 Because N-2 =0,
Sg = (5+7+1049+11)/4=10.5 S-=(3+7+6=8)/3 =8 Sc=(3+4+8)2=7.5 Su; =(2+6)/1 =8 we cannot do this
Sy= (sumall DJ/(N-2), Sc=(4+7+7+6+8)/4 =18 Sp = (6+7+5+9)/3 =9 Suy = (3+4+6)/2 = 6.5 Sp= (6+6)/1=12 calculation.
where N is the # of Sp = (7+10+7+5+9)/4 = 9.5 S = (5+6+5+8)/3 =8 Sk = (7+48+6)/2 = 10.5
OTUs in the set. Sk = (6+9+6+5+8)/4 = 8.5 Sk = (7+8+9+8)/3 = 10.6
Sr = (B8+11+8+9+8)/4 =11
Step 2
Calculate pair with Smallest are Smallest is Smallest is Smallest is
smallest (M), where Mpag=5-7.5-10.5=-13 Mcy,=3-7-8=-12 Mcy;=3-65-7.5=-11 Mur=6-8-12=-14
Mij:Di/_Si_Sj' M[)[::5—9.5—8.5:—13 M[)[::5—9—8:—12 ML]_;[::6—8—12:—14
Choose one of these (AB here). Choose one of these (DE here). Muyuy =2-8-8=-14
Choose one of these (M;,), here).
Step 3
Create a node (U) that U; joins A and B: U, joins D and E: Us joins C and U;: Uy joins Uy and Us: For last pair connect
joins pair with lowest 5/\(11 = DA|;/2 +F (5/\ = 53)/2 =1 5[)[12 = D[)[:/2 o (5[) = 5[)2 =1 5(1]3 = D(ju-|/2 St (S(j = 5[;1)/2 =0 5[12[14 = DU2U3/2 St (5[]2 — 5{1_’3)/2 =1 with branch = D.
M,‘j such that SBU‘I = D/\B/2 ar (SB = 5,\)/2 =4 5[:[]2 = D[)|;/2 + (5[: — 5[))/2 = M 5U]U3 = D(fll1/2 el (SLH — S()/2 =1 SU}UJ, = DU2U3/2 + (SLJ_; = Suz)/2 = 1 Here DU413 = 5
5|U = D’l/2 Ar (S,'— 5])/2
Step 4
Join i and jaccording to S @ C B D B
above and make all B B
other taxa in form of D 4/ D _ 4/
a star. Branches in black U, / g :{{;;:/ E”
are of unknown length. { 1 Q1
II;%ranchels int[]ed are of E o - \bA F
nown length. F F
Step 5 F F Comments
Calculate new distance Note this is the same
matrix of all other taxa tree we started with
to U with (drawn in unrooted
DxU = D,'x ot Djx_ D,'j p form here).

where i and j are those
selected from above.




Compare to True Tree




Long branch attraction

A Real tree

-2
3
4
5
B Inferred tree 3
— 2
1
4
5

58



A

1 3
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Rooting TOL Review



Other Tree Issues

* More characters vs. more taxa
 Lateral gene transfer

* Polytomies

« Paralogs and Orthologs

« Species Tree vs. Gene Tree

* Networks vs. Trees

e Clusters vs. Trees



Unrooted Tree of Life from Woese

EUKARYOTES
EUBACTERIA onimals ciliates fungi

green
Grom-~ plants
purple non-sulfur
bocteria ggcs't'eir:: bocterio
| flagellates
cyanobacterio
flavobocterio
microsporidio
Thermotoga

] | 1
ext
ho:o;;w:s methanogens extreme thermophiles

ARCHAEBACTERIA
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Simplified Three Domain Unrooted Tree of Life

Eukaryotes

Archaea Bacteria
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Simplified Three Domain Unrooted Tree of Life

Eukaryotes

Archaea Bacteria
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Simplified Three Domain Unrooted Tree of Life

Eukaryotes

Archaea Bacteria

Can You Tell Which Groups are Sister Taxa from this?
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Simplified Three Domain Unrooted Tree of Life

Eukaryotes

Archaea Bacteria

What is Missing?
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Simplified Three Domain Unrooted Tree of Life

Eukaryotes

Archaea Bacteria
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Simplified Three Domain Unrooted Tree of Life

Eukaryotes

Archaea Bacteria

Archaea Eukaryotes Bacteria
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Simplified Three Domain Unrooted Tree of Life

Eukaryotes

Archaea Bacteria
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Simplified Three Domain Unrooted Tree of Life

Eukaryotes

Archaea Bacteria
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A Polytomous Three Domain Tree of Life

Bacteria Archaea Eukaryotes

Polytomy
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Gene Duplications Prior to MRCA of All Life

Sandra

Baldauf
INGROUP
Taxa Characters
Bl EFG ACUGCACCUAUCGUUCG
B2 EFG ACUCCACCUAUCGUUCG
El EFG ACUCCAGCUAUCGAUCG
E2 EFG ACUCCAGGUAUCGAUCG
Al EFG ACCCCAGCUcCUuUcGCcucaG
A2 EFG ACCCCAGCUCUGGCUCG
LBl _FF2 _ACAACACCIICIIGACIICGG |

El EF2 CCAACAGCUCUGACUGG
Al EF2 ACAACAGUUUUGACUGG

OUTGROUP
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Gene Duplications Prior to MRCA of All Life

Sandra

Baldauf
INGROUP
Taxa Characters
Bl EFG ACUGCACCUAUCGUUCG
B2 EFG ACUCCACCUAUCGUUCG
El EFG ACUCCAGCUAUCGAUCG
E2 EFG ACUCCAGGUAUCGAUCG
Al EFG ACCCCAGCUcCUuUcGCcucaG
A2 EFG ACCCCAGCUCUGGCUCG
LBl _FF2 _ACAACACCIICIIGACIICGG |

El EF2 CCAACAGCUCUGACUGG
Al EF2 ACAACAGUUUUGACUGG

OUTGROUP
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Semi-resolved Phylogeny of Elongation Factors

EF-TU
Bacteria Archaea Eukaryotes Bacteria Archaea Eukaryotes

EFG

—=
y

LA v = 1

Slides by Jonathan Eisen for BIS2C at UC Davis Spring 2016 74



It AB Together Should Be For Both EF2 and EFG

EF-TU
Archaea Eukaryotes Bacteria Archaea Eukaryotes
) alien et 511 511 & 3 B | S,

EFG

—

A\
€,
=

v

% . > ” | \ :

Slides by Jonathan Eisen for BIS2C at UC Davis Spring 2016 75



It AE Together Should Be For Both EF2 and EFG

EF-TU
Archaea Eukaryotes Bacteria Archaea Eukaryotes
) alien et 511 511 & 3 B | S,

EFG

—

A\
€,
=

v

% . > ” | \ :

Slides by Jonathan Eisen for BIS2C at UC Davis Spring 2016 76



Winner

EF-TU
Bacteria Archaea Eukaryotes Bacteria Archaea Eukaryotes

EFG

=
‘1%

Slides by Jonathan Eisen for BIS2C at UC Davis Spring 2016 7



Unrooted Tree of Life from Woese

EUKARYOTES
EUBACTERIA onimals ciliates fungi

green
Grom-~ plants
purple non-sulfur
bocteria ggcs't'eir:: bocterio
| flagellates
cyanobacterio
flavobocterio
microsporidio
Thermotoga

] | 1
ext
ho:o;;w:s methanogens extreme thermophiles

ARCHAEBACTERIA
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Unrooted Tree of Life from Woese

EUKARYOTES
EUBACTER'A onimals clliates fungi

GrOm= norteul plants
purple non-sulfur
bocteria ggcs:'elr:: bocterio
| flagellates
cyanobaocteria
flavobocterio
microsporidio
Thermotoga —
“““
“‘
“‘
“‘
“
"
L
“

] 1 1
ext
ho:o;:::;:s methanogens extreme thermophiles

ARCHAEBACTERIA
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Rooted Three Domain Tree of Life
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Unrooted Tree of Life from Woese

EUKARYOTES
EUBACTE R I A onimals ciliates fungi

B green
purple os'?"& o Mon-sulfur
bocterio terio bocterio

l

plants

flagellates
cyanobaocteria

flavobocterio

microsporidio

ThErmologa w—

““““““ MAJOR DEBATE/AMBIGUITIES

ROOT s \\

ext J
mfo{,?.'.'.':, methanogens extreme thermophiles

ARCHAEBACTERIA
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Alternative Position of Eukaryote Branch

EUKARYOTES
EUBACTER'A onimals clliates fungi

green
purple 2;?",'};0 non-sulfur plants
bocterio terio bocterio
| flagellates
cyanobaocteria
flavobocterio
microsporidio
Thermotoga —
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ARCHAEBACTERIA
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Unrooted Tree of Life from Woese

EUKARYOTES
EUBACTER'A onimals clliates fungi

GrOm= norteul plants
purple non-sulfur
bocteria ggcs:'elr:: bocterio
| flagellates
cyanobaocteria
flavobocterio
microsporidio
Thermotoga —
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“
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L
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ARCHAEBACTERIA
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Diversity Within Each Domain

Bacteria Archaea Tack Eukaryotes
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