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Two questions

How can we assess whether the signal 1n our data 1s
tree-like?

*How do we combine and display information from
different data sets?



Violations of tree-like signal

*Does my entire data set (single alignment, set of
alignments) present the same phylogenetic signal?

*1.e., do all alignment columns 1in a gene or genes 1n a
set of genomes support the same tree?

*Why wouldn’t they?



Evolutionary noise 1n individual genes

ncomplete lineage sorting orizontal gene transter ybridization

\AaA

Recombination Duplication and loss Convergent Evolutio

A4 4

Steenwyk, Jacob L., et al. "Incongruence in the phylogenomics era."
Nature Reviews Genetics 24.12 (2023): 834-850.



Incomplete Lineage Sorting

b Ancestral polymorphism:
incomplete lineage sorting

Palmer, D.H., Kronforst, M.R. A shared genetic basis of mimicry across swallowtail butterflies points to ancestral co-option of doublesex. Nat Commun
11, 6 (2020). https://doi.org/10.1038/s41467-019-13859-y



Lateral gene transter

* The transmission of genetic material between genomes in a
manner other than parent to offspring

* A gene from organism ‘B’1s acquired by organism ‘D’ - thus
B and D appear to be very closely related

A B C D

Organism phylogeny Inferred gene tree

with LGT event




Reticulate evolution

recombination

Chan et al. (2005) BMC Bioinformatics



Paralogy (hidden or otherwise)

Duplication event b Orthologue

sampling F 1st speciation
2nd speciation ————
1st speciation

. . c Paralogue
2nd speciation sampli?\g Duplication event

1st speciation

2nd speciation

Kapli, Paschalia, Ziheng Yang, and Maximilian J. Telford. "Phylogenetic tree building in the genomic age." Nature Reviews Genetics 21.7 (2020):
428-444.




Evolutionary noise 1n individual genes

ncomplete lineage sorting orizontal gene transter ybridization

\AaA

Recombination Duplication and loss Convergent Evolutio

A4 4

Steenwyk, Jacob L., et al. "Incongruence in the phylogenomics era."
Nature Reviews Genetics 24.12 (2023): 834-850.



Phylogenetic Networks

Implicit network

* Networks can represent
Incompatible splits

* Generalize the notion of a
tree

a 0 or
Al (Dappophoru,

eragrostis . .
sporobolus umola, eragrostls)

* A given group of taxa can 20ysia

spartina

have multiple affinities or distichlis

centropodi

connections micraira

merxmuel r

ograss hybridisation

Bryant and Moulton (2004) Molecular Biology and Evolution "

van lersel et al. (2010) Bioinformatics
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NeighborNet

* Based on neighbor joining, but allows multiple connections
among taxa

* At each 1teration, choose the pairing of taxa that minimizes
the total tree length (that’s the Q-criterion again)

Bryant and Moulton (2004) Molecular Biology and Evolution

13



Like neighbor-joining...

At every step, choose the pair of remaining clusters of taxa C, C
that minimize the same Q criterion as before with NdJ:

5 1
Distance matrix O\ d) (n — 2)
entry for (x,y) " '

\ }

Weighted distance from x and y to each other leaf z

but x and y remain accessible for pairing off with other taxa

14



Building the splits graph

e and f optimize the Q criterion — join them but keep them in the pool
Now, e and d optimize the Q criterion — join them

Replace d, e, f with x, y




Constraining the splits graph

Neighbor-net 1s guaranteed to
produce a circularly compatible
set of splits

Fix (x,, x,, Xx,) and (x,, X,, X,):

* (X, X,, X.) 18 legal

* (X, X,, X,) 1s not

This leads to a planar graph
that can be drawn on a
two-dimensional surface without
crossings

16



Mitochondrial genomes
from 135 individuals

Messy but still planar!




A Trees from Many Genes . =i

g R - s g ol F- 7 > a. 5 -



Reconciling Data Sets




Central to Phylogenomics

a Data assembly

b Contaminant identification

T xR

c Orthology prediction

d Alignment
Orthologue 1 Orthologue 2 Orthologue 3

Taxon 1 EEETECTEGHTCECCCACCANANCE Taxon 1 cEETERTCAANCANARETAT Taxon 1 HEEGCCGACEGETH- - BNGTECHETCE

Taxon 1 CCESNGTECHTCECCCACERN- - - - Taxon 1 GEETEETEAGCTCCCANEG Taxon 2 HeEGECHCECETS

Taxon 2 EEETEGTECETCECCCHCTEEACCE Taxon 2 CeANETEGHECTATEANNCET Taxon 3

Taxon 3 EEETEGTETETCACCCANGETRCEN Taxon 3 ceNTEETCECTHECCCARETT Taxon 4

Taxon 4 TTAAGGEEGGAG GGA Taxon 4 | TAAQGTACEAARET T Taxon 5 BEEGTEACETET-T-BATTECETTE

Taxon 5 BTETETTECETTECTEACETCRCEA Taxon 5 ETETTETETETHCEAANNAT Taxon 5 EEEETTHCETEE- -G - HCCECETEG
ETTEGTTAGGTCGEGTA

Kapli, Paschalia, Ziheng Yang, and Maximilian J. Telford. "Phylogenetic tree building in the genomic age." Nature Reviews Genetics 21.7 (2020):
428-444.



Identifying Orthologs Important

Duplication event b Orthologue

sampling F 1st speciation
2nd speciation ————
1st speciation \

&

. . c Paralogue
2nd speciation sampli?\g Duplication event

1st speciation

/\ \ 2nd speciation

Kapli, Paschalia, Ziheng Yang, and Maximilian J. Telford. "Phylogenetic tree building in the genomic age." Nature Reviews Genetics 21.7 (2020):
428-444.




Graph-Based Orthology Inference

Key assumption:

Gene A 1n Species 1

mo St reciprocally Slm]-]-ar tO A) Collect protein sequences B) Execute homology searches C) Extract best reciprocal hits

from annotated genomes between genome pairs from search results

Gene A 1n Species 2 =

X

D) Cluster network of hits into

orthologous groups F) Align orthologous groups

https://doi.org/10.1101/2023.01.24.525427



Protein sequences
from
organisms of interest

7/~ Allagainstall
BLASTP

<

i Between Species: Within Species:
[Reciprocal best similarity pairs| |Reciprocal better similarity pairs|
Putative orthologs (recent) paralogs

S

Similarity Matrix
(normalized by species)

._\.

Markov Clustering

Ortholog groups
with (recent) paralogs

Normalized
weights

Orthology Inference - OrthoMCL

Species B

> Al—————>B1 € p B2 |
paralogs' | orthologs | paralogs

—— Similarity Matrix

EEe
BN
3| 118 717 | 40
CIEENNE
(B2 53] 33 94 100\

-log,, (P-value)

23



Orthology Inference - OrthoFinder

OrthoFinder 1*

Proteomes a. Orthogroups |

DendroBLAST*

<

b. Unrooted
gene trees

e. Rooted
gene trees

N1
N3

—~

-
d. Rooted
species tree

STRIDE*
STAG* m)_(-y
oo¥ s

c. Unrooted
species tree

OrthoFinder 2
lem LCn &

f. Resolved i. Comparative
gene trees genomics statistics

g. Orthologs

h. Gene Duplication Events

N1[n2[100%| [ F

24



Many “ortholog” alignments: what now?

¢ Orthology prediction

d Alignment

Taxon 1
Taxon 1
Taxon 2
Taxon 3
Taxon 4
Taxon 5
Taxon 5

Orthologue 1

BGETAGTEGATGEGGGAGGARARGA
CCEAAGTECATCHCCCACCAN - - - -
EGETAGTEGETCEGGGAGTAAAGGA
EAGTEGTETATGAGGGAAGATAGGA
ETETAGT TAARGEEGGAGEAAAGGA
ETETATTECET TECTAAGGTCRGAR

EBTTECTTAGGTCEGTA

Taxon 1
Taxon 1
Taxon 2
Taxon 3
Taxon 4
Taxon 5

Kapli, Paschalia, Ziheng Yang, and Maximilian J. Telford. "Phylogenetic tree building in the genomic age." Nature Reviews Genetics 21.7 (2020):

428-444.

Orthologue 2

GGATEETGAAEGAGAGETAT
GCETEETGAGTGCCCAREG - -
GGAAUTEGAGTATEAAAGAT
GEATEETGEGCTACGGGAEGTT
GGATEETAAETACEAASET T
GTETTETETCETACEAAEAAT

Orthologue 3

Taxon 1 HENGCCGACEGETHA - - ANCTRCGNTEN
Taxon 2 HCECECHACECHETE- - - SGTECETON
Taxon 3 HEEGCCEARANT -H- - BETETATET
Taxon 4 HCEEGGHGETET - - - - BETTEAECH
Taxon 5 BEECTENCGETET-T-ENTTECETTE
Taxon 5 BEEETTECETEES- -G -HecECETEG

25



The first way: supermatrices

Many alignments
B g
]

‘ One tree or network

One alignment

26



Supermatrices

Very simple: since many alignment columns are (potentially)
needed for ML inference, chain many single-gene alignments
together and build a tree

Inaccuracy due to small sample size 1s sometimes called
‘stochastic error’

Inaccuracy due to violation of model assumptions are called
“systematic error”

Al
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What do we do about genes that are missing from one organism?

28



Supermatrices

» Also known as ‘concatenated phylogeny’

* Since we're building a tree, assumes that each gene has the same
evolutionary history (hmmm...)

* Set a minimum threshold (presence in % of organisms) for
inclusion of each gene

 Typically the model will allow different genes to evolve at
different rates

29



Compositional Biases

b Among-site heterogeneity in composition

True tree

g

y

LNy

A

i~

Variable composition

SCcs(SDEKKDY¥W

SCS(SDEKKD
SCSCSDEKKD

SCSCSDEKKDYW

Inferred tree, single composition Inferred tree, variable composition

Frequency

GALMFWKQESPVICYHRNDT GALMFWKQESPVICYHRNDT

Frequencies

Amino Acids

Frequencies

GALMFWKQESPVICYHRNDT GALMFWKQESPVICYHRNDT
Amino Acids Amino Acids

LI LLIVY Nematode

LIVLLIVV Fly
LIVLLIVV Human
RRRDGAMQEDSNPNPP LI’)ﬁ’LLIVﬁ}{Combjelly




Among-Site Rate Heterogeneity

a Among-site heterogeneity in rate
Inferred tree, variable rate

True tree Inferred tree, single rate

fz—o—@
e fi

1~

Variable rate Single rate Variable rate

Frequency
Frequency

Rate

PAAATGET T OATGTAGCAATTTCT OTAGG TCHE @B @B ' Nematode
JTTGATGTAGCAATTTCT OTAGG OTCH J Fly
CTTGATGTA CAATTTCTTTAGG TC ( B Human

ICTTGATGTAGCAATTTCTTTAGGATCEG B &8 ' Comb Jelly

UICSS
P

Fast-evolving sites




Heterogeneity across time/lineages

Heterotachy

A C A C
0.5 0.5 0.1y /0.1 ML
0.015 inference

+ —_—
0.1/0.1 5 0.

B D

-

Faster rate Slower rate

AACACGETTATATGCTTGAATTGGC | Taxon A
T TCACETAATATGCTTGAATTGGC | Taxon C

ATCAGGTTAAATIEGCAAGAATAGEC TaxonB
ATCAGCTTAAATECATCAAATCCE TaxonD
. Slower rate Faster rate )

32



Partition and Mixtures

Partitioned model

Model 1

omogeneous moae

12345678

AGETETGA
ACCACTGA
AREcEEcH - - -
EeegeEecTGcA

ACACECTGA L Cc Mixture model
12345678

AGETETGA
ACCACTGA
AACGEEGA - -
cEeeeeTGA
ACACCTGA

AATEAETE
- TRTEAAGH
TATEAETA
TATEAATA

P(X]M.) -

P(X|M.) p; = 3 wi P(X;| My)
= @ o k=1

P(Xile)



Bootstragp
support for fungi s

Fungl

Opisthokonta

’
I Microsporidia
)'4 Metazoa ]

Dictyostelidae
Myxogastridae Amoebozoa

Lobosa
@ Anglospermae . .
- Chlorophyceae Plantae

9 - '.
,1_0‘[ — Rhodophyta HOC(.) S vCO\. (>
- Glaucophyta “”.
00myootoc ] ' ‘(\’ .{

ph,,op,,yc,,, Heterokonta e e .,\ SO oﬁ

O SO0 01
Clllophora
< Alveolata | ® 0 9

g ; ~ ~

Aplcomplexa (Sporozoa) ' C\J()v':
, ~=tllll K inetoplastida 1 : pOe ,l

N gy S— - CoO0®

Euglenocidesa Discicristata

37 Acrasidae . o000 @

Vahlkampfiidae

Parabasalla (3()(\)‘ .

® @
Diplomonadida
< O220®

Tree based on actin, alpha/beta tubulin, EF 1alpha

Green circles = strong support, red circles = poor support
Baldauf et al. (2000)







Consensus trees

If each member of a set of trees covers the exact same set of taxa, then
they can be combined into a single tree representation

B B B
A A A
E = =
C C
C D
D ] D

36



Strict consensus

The consensus tree contains only those bipartitions that are
found in all trees

. g v

B
A

D C

No bipartitions / splits are found in all three trees, so consensus is a star 37



Majority-rule consensus

The consensus tree contains only those bipartitions that are
found 1in the majority of trees

. g v

(ADE | BO) found in 2/3 trees

38



Extended majority-rule consensus

* Greedily add features from the set of trees until the
consensus tree 1s completely resolved

A ,B A ,B A ,B
p F ¢ p F C p F C F A B .
(ABCF | DE) not found in a
i " A B i " A B = majority of trees, but is more
% % - common than any other
5 ¢ 0o °© C resolution of the two
A B A B
E E
C C
AVEAY 3/7

39



Supertrees

*What if the set of trees cover overlapping but
non-identical sets of taxa?

*We can build “all the trees of all the genes” and then
combine the trees

40



Supertrees

: Many trees
Many alignments y

One tree or network

41



Matrix Representation with Parsimony

* Build an alignment from trees (!?)

« Kach bipartition 1s represented as a character (column) in
the alignment

Baum (1992) Taxon

Ragan (1992) Molecular Phylogenetics and Evolution 42



: C
D
E
F
3 informative bipartitions »
A C
D

F
1 informative bipartition

HHOQmP

* % * *

T, does not have B and
E, so these are gaps

» Run parsimony!

43



Pseudosequence Matrix

2. ML gene tree
construction

3. MRP pseudo-
sequences (Baum-
Ragan matrix )
construction

4. ML analysis and
supertree
reconstruction

Pick reliable bipartitions
(high bootstrap) to build the
pseudo-sequences

44



SPR supertrees

Lateral gene transfer events are equivalent to subtree prune-and-regraft moves

Naive approach: apply all possible SPR moves in a breadth-first search to
reconcile reference (“species”) tree with gene tree

Beiko and Hamailton (2005) BMC Evolutionary Biology

45



SPR supertrees

Smarter approach: cut edges in both trees to generate maximum agreement forests
Previous algorithms were exponential in the size of the tree
rSPR algorithm is exponential in the SPR distance (much smaller!)

Chris Whidden’s algorithm: O(2.42%n), where
n = number of leaves
k = SPR distance between two trees

Whidden et al. (2014) Syst Biol 46



SPR supertrees

Given a set of input trees ¢ o

»
find the supertree S that minimizes the total SPR distance to all #

Step 1:
Stepwise addition (start with 4 most-common taxa) to build the initial tree

Step 2:
Propose new trees via SPR rearrangements
Various speed-ups including freezing bipartitions with strong support.

Whidden et al. (2014) Syst Biol 47



Example

244 microbial taxa
40,0631 trees
393,876 leaves (= genes)




Mapping LGT events between lineages

a) LGT heatmap b) LGT affinity graph

U T ———

This comparison step

took < 1 minute for all
40,000+ trees

Whidden et al. (2014) Syst Biol b



Networks from Many Trees

7 A
(=) - \ g
e e

50




Consensus networks and
supernetworks

Like consensus tree methods, but do not constrain the results
to a tree

51



Zi-closure supernetworks

* We have a set of trees T that define a set of splits X

* These splits are not all necessarily compatible, nor do they
necessarily all cover the same set of taxa

e How can we reconcile them?

Huson et al. (2004) IEEE/ACM Trans Comput Biol Bioinform

52



The Z-rule

For any two splits S “ €Y and S, =
[

if [A;] [ A # 0, [4s m-f(/) -ﬁ-7‘ (/, and AN [Bs]= 0,

then

A,

replace 51 and 53 by 5] = 575, and 5,

a,b,c,d,e d,ef,g a,b,c,d,e a,b,c,d,ef,g
1,],k,1 f,g,h,1,j,k,1 1,],k,1
S S S.’ S '’

1 2 1 2

53



Intersecting sets

54



Obtaining the Z-closure

* Build up sets of splits using the Z-rule until all splits are
complete

* The weighting of each complete split 1is proportional to the
corrected edge weights in all splits that support it

55



Z-closure supernetwork from five
fungal gene trees
(max two dimensions)

Bromus Ampelodesmosg Stipa
! Awvgna

Piptatijerum
Brackypodiu

Pennisetum
e Nassella
. Glyceria

o Melica

Triticum o

Eremitis Diarrhena
3 Lygeurﬁ
Pariana ° Nardus 2

Buergeysiochloa

Olyra o 1 Bhaonofasrni=
Lithachne Brachyelytriys il

Pseudosasa 3fithonjop ‘ .
2 | Lt
Chusquea |, ; / nicum
Oryza o o3\ : . |
Ehrharta Gynerium
Leersia Jicraira

Streptogyna . Eriachne
Merxmuellera_m

Elegia (N Danthonia
: ' . ® Karroochloa
o Mofinin » *Mérxmuellera_r
. Pharus  Arundo  Stipagristis Austrodanthonia
Flagellariae Amphipogop~Anstida Centropodia
Anomoghloa  pyelia eysia® Uniola Eragrostis
Joinvillea Guaduella Pappophorum
Steptochaeta ®  ®Distichlis
Spartina
Sporobolus

Thysanolaena
o Anisopogon

Miscanthus
Zea

Baloskion



Z-closure supernetwork from five

fungal gene trees
(max three dimensions)

Alternaria_porri
Alternaria_porri_CB1

Alternaria_solani, GB2
Alternaria_solani _CB1 K

Alternaria_destruens

Alternaria_longipes

Alternaria_tenulssima

Alte¥paria_solani

\d
]

Alternaria_solani_GB3
Alternaria_dauc

Alternaria_macrospora

Alternaria_crassa

Alternaria_macrspora
Stemphylium_callistephi
Stemphylium_sarcipaeforme
Stemphylium_botryosum_GB1 \
Pleospora_herbarum_CBl1
Stemphylium_botryosum

Lewia_infectoria
Pleospora_herbarum .
Pleospora_herbrum GB3 ¢

Alternaria_infectoria_
Alternaria_triticina ¢
ora_herbarum_Gg2 Einbeilisia_allife
Nimbya_caficis
3 Alternaria_ethzedia
Stemphylium_vesicarium Nimbya_scirpicola
Alternarla_infectoria
Bipolaris_tetramera
Exserohilum_pedicillatum

°
Pleospora_herbarum_GB4

Exserohilum_pedicellatum

Alternaria_alternata_GB2

Alternaria_alternata_GB1
Alternaria_alternata

Alternaria_arborescens
008 fo Alternaria_brassicae
2 / *  Alternaria_brassicae_GE1
Embellisia_indefessa
x = Alternaria_cheiranthi
o Ulocladium_atrum

“ s Ulocladium_consortiale

¢ Ulocladium_botrytis
Ulocladium_chartarum

Alternaria_smyrnii
Alternaria_selini
Alternaria_petroselini

L ]
« Alternaria_radicina
Alternaria_carotiincultae
Alternaria_brassicicola_GB1

° » Alternarla_brassicicola_CB2
A|(ernar'a_Japog|(.3 )\lr?rnarla_bYBSSIOCO'S

Ulocladium_altemariae
Embellisia_leptineliae
Embellisia_novae-zelandiae

Emm‘flllsm_prmede

Embellisia_hyacint




Z-closure supernetwork
from five fungal gene trees
(no constraint)

Nassella
Stipa Melica Miscanthus
Ampelofjesmos Pennisetum
Danthoniopsis

Thysanolae ,r
icum

Diarrhena aan\ bpogon Ze g. Zea
Phaqijosperma Chasma m Gynerium
Lygeum i 'y ® Micraira Karroochloa
Nardus ® . oo Eriachne
Brachyelytrum - muellera_m

Buergersiochloa _ Danthonia Eragrostis
Eremitis . IR Austrodanthonia
Lithachne  Z 2P X Merxmuellera_r

o

Jsquea o, Centropodia
o« Phragmitey, -
Pseudosasa ey Arundo Aristiy.  Uniola

Olyra “Puelia Molinia i : .
Oryza o uaduella StipagroMis Spartina

Leersia ~ /Pharus Amphipogon appophorum
Ehrharta Joinfilrea Distichlis
S° ptochaeta Zoysia
Anomochloa Sporobolus
Flagellaria
Baloskion
Elegia

Bromus

Triticum Brachypoyium

Avena~ptathe \‘
a
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Pathogens and

Insect endosymbionts Pasteurellaceae . .
Environmental organisms

Buchnera_aphidicola t Haemophilus_ducreyi_35000HP _

' + Fasteurella_multocida Vibrio_parahaemolyticus Pseudomonas_putida_KT2440
i *Vibiio_vulnificus. CMCPE Pseddomonds. vt

A H.a%m':'ph“'ﬁ-"'ﬂ”*“Z“ ¢ Vibrid_vulnificus_YJ016 SR

Buchnera_aphidicola_Sq
Wigqleanorthia_brevipalpis Buchnera_sp

\ Vibio cholerae Pseudomonas_aeruginosa
"'..Il - 7

|
Z;$J
‘II

Blochmannia_floridanus

Aylella_fastidiosa_Temeculad
‘3'5:.'{,11":|l3_fa€-‘tidi0:‘-3

Aanthomonas_campestris
Xanthomonas_citri

Photorhabdus_luminescens «

Yersinia_pestis_C082
Yersinia_pestis_KIM * Shewanella_oneidensis

¢ Coxiella_burnetii

I Escherichia coli K12
amonella-onimuimLTZ  ccherichiacoli-CF1073
Salmonella typhi™ Shigella_flexner_2a

m Shiﬂella flexnen 2a 24677

Escherichia_coli _D157H7
Pathogens z‘ Escherichia_coli_0167H7_EDLA33
Environmental organism

Z-closure supernetwork from 1721 trees (me, 2005)




Galled Networks (in very brief)

Clostridium_betulinum_G28357
Clostridium_botulinum_G28855
Clostridium_beijerinckil_G12637
Clostridium_perfringens G304
Clostridium_pertfringens_G79
Clostridium_pertringens _G12521
Alkaliphilus_metalliredigens_G13006
Alkaliphilus _oremlandi_G16083

Velllonelia_parvula G21091
Acldaminococcus_fermentans G336385
Thermotoga petrophila G17089
Thermotoga_marttima_G111
sp._RO2_G19543
Thermotoga_naphthophiia_G33663
Thermotoga neapolitana_G21023
Thermotogales_bacterium_TBF_155.1_G29419
Thermotoga lettingae G15644
Thermosipho_africanus_G27767
Thermesipho_melanesiensis_G17245
Fervidobacterium_nodosum_G16718
D. audaxviator
F. magna
A. preveti
Coprothermobacter_proteclyticus
Clostridium_tetani_G81
Clostridium_betulinum_G153
Clostridium_botulinum_ G19517
Clostridium_beotulinum_G15521
Clostridium_botulinum G28505
Clostridium_botulinum_G28507
Clostridium_botulinum_G29077
Clostridium_beotulinum_G25859
Clostridium_beotulinum G19519
Petrotoga_mobilis_G17679
Clostridium_celluloverans G32609
Halothermothrix_orent_G18377
Acetohalobium_aradbaticum_GI2769
T. albus
H. thermephilus
Aquitex_aeolicus G215
Sulfurinydreogenibium sp. TOOAOF! Glaas
Sulturihydrogeniblum_azorense G12529
Persephonella _marina_G12526
Hydrogenobaculum_sp. YO4AAST G1ESH1

Galled network
Method: Huson et al. (2009) Bioinformatics
This network: Me (2011) Biol Direct



Summary

* There are several ways to represent incompatible signals
within a single alignment

* Are these signals clustered together?

* There are also several ways to generate a single tree or
network topology from many data sets
 How constrained should the answer be?
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