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Overview: Phylogenetics

Understand the principal of bacterial evolution

Understand the underlying principles in which phylogenetic
trees are created

Have a conceptual understanding of the different ways to create
a phylogenetic tree
« AND HOW WGS DATA IS USED

Understand how to read a phylogenetic tree



Phylogeny
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Image courtesy of http://evolution.berkeley.edu/evolibrary/article/0_0_0/evo_03
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Molecular data VS. Morphology / Physiology
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Molecular Data

e Strictly heritable
 Unambiguous data
* Quantitative

 Homology assessment
easy

e Relationship of distantly
related organisms can
be inferred

 Abundant and easily
generated

Morphology

Can be influenced by
environmental factors

Ambiguous modifiers
Qualitative

Homology assessment
difficult

Close relationships can be
inferred

Problems when working
with reduced visible
morphology
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WHAT IS PHYLOGENETICS?

$ * The study of evolutionary
history/relationships among
organisms or species based on
heritable traits (DNA)
 Homologous sequences

* Includes Taxonomy:
* The classification and naming

Darwin’s sketch 1836: the of species
first phylogenetic tree?



Cell Division and Lineages

Overview:
* Daughter cells have the same genotype as their parent cell (plus any
mutations or plasmid/phage incorporation)

* Overtime the lineages that descended from a single cell will acquire enough
mutations (SNPs) to be differentiated from each other

e Estimating the shared ancestor of all lineages is important in determining if
the DNA from this bacteria from this clinical patient is related to the DNA
from that bacteria that was contaminating that food that the person ate.



Understanding bacterial evolution
and genetic relatedness

Bacterial
Genome
3-5 million
nucleotides

‘ Cell Divisiona

* A bacterial cell replicates its genetic
material and then divides in half.

e Sometimes during replication a
mutation occurs in the DNA and the
genome of the daughter cell might be
slightly different than the parent

Daughter Cell 1 Daughter Cell 2



Detecting a mutation based on cell division

32
cells

64
cells

128
cells

256
cells

512
cells

Overview:

* Assuming a mutation rate
of 0.003 mutations per
genome per cell division it
would take 9 cell divisions
to see a mutationin a
single cell (out of 512
cells).



AGGATTGTTGGCAG
GGAATGTTGGCAGT
GAATGTTGGCAGTC
AATGTTGGCAGTCG

AGGAATGTTGGCAGTCG

Detecting a mutation based on cell division

Overview:

* |f the group of 512 cells were used
for sequencing, then then the
fraction of reads with the mutation
(or variant) would not be high
enough to detect by current
sequencing technologies

* Remember, when condensing 4
reads into one genome sequence, if
three of the reads show A and the
other shows a T, will select the A as
what the nucleotide is at that
position

10



C
OO0
@ -,
@ -

cells

QD -

cells

N

Detecting a mutation
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128
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512
cells

AGGATTGTTGGCAG
GGATTGTTGGCAGT
GATTGTTGGCAGTC
ATTGTTGGCAGTCG

AGGATTGTTGGCAGTCG
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Cell Division and Lineages

Overview: This is where Phylogenetics is helpful!
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Phylogenetic concepts:
Interpreting a Phylogeny

Sequence A

\ Sequence B

Sequence C

Sequence D

Sequence E

- > Present
Time



Constructing Phylogenetic trees

What is the goal of your work?

Aligning homologous sequences
 DNA/RNA/protein

 Are the groups closely related or distantly?
* What sequences are you choosing?
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Phylogenetic trees
can be represented in several ways

Internal nodes ...external nodes ...branch lengths repre-
represent ancestor represent extant, sent evolutionary distance
species... known species... between species.
A / A
B B
&
C
D D
Internal / Internal
nodes , / B nodes / E
Branc
External Branch External
nodes nodes
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What data goes into making the tree is important

0(-chain gene

\
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homologs
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‘el
paralogs
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frog v chick® mouse: mouse[}

~
chick[3  frogf3

3-chain gene

\__ gene duplication

~_

early globin gene

From Bioinformatics, Baxevanis and Ouellette, 2nd Edition, 2001, p. 327, Wiley Pub.


http://www.stanford.edu/.../folding/education/h.html
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Example: 16S RNA

e Secondary structure

IS shown

* Highly conserved

among all species*

* |.e. homologous

seguence (from a

commaon ancestor)
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Gene trees can be different from a Species tree!

/ species free
P &
£ V& oy ST
{g http:/Avww.math.duke.edu/mathbio/proj_stat.html %g&ﬁ&im



EGULATORY

eeCIENCE

a "
B 8
31
A
. oxwwﬁw | ] | |
.Wk%uﬁ#m N 3
AW
3 @% ITIE
EEEERER

Ogé‘%
il
i
g

H

i
ilsg’?
R
? i 4
{

i

2
i
i
)

|

5

X
%f{”
W Bacteroidetes

i
| | Aquiﬂca.e
B Chiamydiae/Verrucomicrobia

W Chiorobi

.w%%%/f%%

'8 ' .',.|,.‘,w m 38 m
TR Faid
.&W.WMV w\\\. %m wwwwwm& mmm“mmmwww_www %MWWM/V W W m m m m
g7 s i

Bacteria Tree from 31 genes
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Discriminating power of
increasing sequence data

Phy[un{\"\\_\ 165 rRNA
sequences
Class " (1 locus)
Order <
Family <
g

Genus

Lineage or clonal complex

Nat Rev Microbiol. Oct 2013; 11(10): 728—736.

Ribosomal Whole-, core-

MLST and accessory-

(53 loci) genome MLST

(>500 loci)
MLST
(7 loci)

Strai n R
Meroc lon;""*- %
Clongn“
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Where to call a SNP?

Mask mobile elements Only call SNPs in genes
-do no consider SNPs in this location

= Not all SNP pipelines are equal — where you call SNPs will affect the total
SNP count

=  SNPs relevant for phylogenetic analysis are vertically transmitted, not
horizontally, so horizontal genetic elements like phages can be masked



Constructing Phylogenetic Trees

A tree Is characterized by how it looks

(topology) and its branch lengths

* Branches represent time or proportional
to number of changes

Three main methods for construction:
« Parsimony

* Distance-based

« Maximum Likelihood
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Constructing Phylogenetic Trees

« Trees can be rooted
* Evolutionary relationship is implied
« Use an outgroup to “root”
 Example: S. bongori is the outgroup
and roots the tree for S. enterica

* Trees can be unrooted
* No evolutionary directionality
« Want to know which are more alike

FFFFFFF



Constructing Phylogenetic Trees

Neighbor-joining

Maximum parsimony

Maximum likelihood

Very fast

Slow

Very slow

Easily trapped in local
optima

Assumptions fail when
evolution is rapid

Highly dependent on
assumed evolution model

Good for generating
tentative tree, or
choosing among multiple
trees

Best option when
tractable (<30 taxa,
strong conservation)

Good for very small data
sets and for testing trees
built using other methods

26



Parsimony

What Is the tree that requires the fewest

evolutionary changes to explain the data

* |.e. fewest number of mutations to
explain sequence variation

Directly based on the sequence

* Does not take into account revertant
mutation

* Does not take into consideration types
of mutation (transition vs transversion)
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Parsimony Example

Position
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Parsimony Example

Position
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Maximum Likelihood

Want to find a tree that will maximize the
chance that the tree is correct
Probabillities (likelihoods) are considered
for every mutation (nucleotide substitution)
for a multiple sequence alignment.
« Transitions are more likely than
transversions (~3:1)
 IfC, T, and G are represented at a
site, The sequences that have C and
T are probably closer*
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Maximum Likelihood

« Each base of every position of every
seqguence Is considered separately
(independent) and given a log-likelihood
value and the sum Is used to estimate
branch lengths
 For every Topology (possible tree)!!!

* (Good theoretical background

« General Consistent
« Computationally expensive (a lot of time)
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Distance-based

« Construct a distance matrix for each pair of
sequences (e.g. how many differences)

Al O 1
B|3 O 2 1
cCl4 3 O

A B C A B C

« That distance matrix represents one tree
« Great for very similar sequences
 Very fast

* Loses information
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ASSESSING CONFIDENCE IN TREES

e Measure of confidence in the inferred tree.

 |Is the tree likely to change if we got more data, or if
we had used slightly different data?

 Are some parts of the tree more robust than others?

* Bootstrapping

* Create multiple new alignments by resampling the
columns of the observed data matrix

* Construct a tree for the ‘bootstrap’ alignment

 The bootstrap support for each branch is the % of
bootstrap trees that branch appears in.

33



Assessing Confidence In Trees

Datasat

01234557TES
pegh ACOGTTOGSET
p=gl ATGETTCAGA
=gl ATOGATORGA

s \

Regplicate 1 Replicate 2 Replicate 2
{a) Step 1 15£23145E1 C23492441B CE0TT1B907
Assemble pseudo- seqgh CTCCGCTTTC segh  TCGTTICTTOG seqgh TCAGGOGTAG
datasets, repeat segB TTOSGTTATT se=gd TGGETAGTTTG =gl  TCAAATGARR et
1000 times seqC TTCCGTAATT seqC TCGAACAATS seqlC TCAGGETGEAAG
{b} Step 2 Tree 1 segh Tree 2 segh Tree 3 megh
Build trees for each ] meqh ] segl ] gl atc
P‘EE'LH:ID—EIE'EEIET geql:' :|=qE EEIJ'_:

to grve 1000 trees H"-. l ,n/

ic) Step 3 s Tl segh
Tabulate results —_; megs
(strict consensus tree) =T
Bootstrap consensus tree

34
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Goal of Phylogenetic Trees using WGS Data:
Infer evolutionary relationships based on nucleotide differences
And match clinical to food/environmental isolates

1 ——— ..CTAGCTAG......CTAGCTAG.. Clinical 1 —
.CTAGCTAG.....CTAGCTAG.. Clinical2 | 4 _
——— . .CTAGCTAG......CTAGCTAG.. Food A -
—— _CTAGCTAG......CTAGCTAG.. EnvrA _J SNP
2
ATAGCTAG.....TTAGCTAG.. EnvrB — SNP
2 1 ATAGCTAG.TTAGCTAG.  Envr C 02 2-3
[ ..ATAGCTAG.....CTAGGTAG.. EnvrD w— —
.ATAGCTAG......CTAGGTAG.. EnvrE .. SNPs — SNPs
—— .. ATAGCTAG......CTACCTAG.. FoodE — L 1-2
3 — _.ATAGCTAG......CTACCTAG.. Food E 0-2 SNPs
——— _ATAGCTAG......CTACCTAG.. Food E =
.ATAGCTAG.....GTAGCTAG.. EnvrC _J SNPs - -
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High-Quality Draft
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FOAB0OM445 LSAIL 2014 0B-2F enviranmenial swab (244817 7.4
FOAMNDGELD USAIL 2014_D6-27 smeranmantal aam (B4IR17 679
FHLISA Loonass LISA-IL missing cinicale— - =
FOOCO0a52S LISK:IL A4 1007 erwiroimanial swab [B4a20 128-1)
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1 5NP

0 SNPs

= 5 SNPs
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FOAS0MED USHAL 3094 00 27 eewisenmantal swab (4017 4]
FDADDOOESES LIEA-IL 2014-03-13 sproast imigetics maber
FOASM004S0 USAIL 2014 0027 enviscnmental swab (344017 T3-1)
L FOACOO0RLAS LSA I 2014_08-27 arwirorreanisl owal (4401 © @a-1)
- FOWD000asas USA L 2014 10-08 e ronmenial swah (S44821 m8-1)
FOASMOB49 USAIL 2014_08- 27 srvisenmantal swab (244817 T7.4)
FRIUSEL o005 G USA:IL messing clinieal
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- FI 00008358 USA I 20040827 #inFonren @) sweh (544817 59-5)
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-IIN-.IEI’-L(‘-{I{IN'-’ UEAL 420D direeal
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FINGOOOORASS SA 1L A0 4_08-27 amironmemal swal (Sadnn? 75-1)
FW LEANL 2014 848-27 anwronmental swah (B44877 54-1)
I.'ﬁ.lmi'.'l il fmta 8l 9T ansean sl sdian 10408497 a1 E1

0-6 SNPs
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INTERPRETATION OF TREE & SNPS =n

1. Human mtDNA Forensic Testing Framework

2. Results binned into 3 groups
1. Include/Match (<=20 SNPs)
2. Inconclusive (20-100 SNPs)
3. Exclude/Non-Match (>100 SNPs)

3. Statistical Odds Ratio method in development, databases
growing
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S. Bareilly Phylogeny

FDA1201 SAL2918 Coriander Bangladesh

FDA1112 SAL2877 Frozen Undeveined Shrimp India

FDA1203 SAL2921 Frozen Baila Bangladesh

—
-

— FDA1114 SAL2881 Frozen Raw Shrimp India —

|: FDA1206 SAL2924 Fish Stomach Vietnam
SAL3133 Clinical MD

FDA1146 SAL2903 Hilsa Fish Thailand

FDA1202 SAL2919 Coriander Powder India
FDA1203 SAL2921 Frozen Baila Bangladesh

FDA1116 SAL2885 Coriander Powder India

FDA1148 SAL2904 Frozen Rock Lobster Tails United Arab Emirates

FDA1143 SAL2920 Lobster Tails Taiwan
FDA1144 SAL2883 Frozen Whole Tilapia Thailand

gAL3140 Clinical NY —
gAL3130 Clinical MD
SAL3126 Clinical MD
SAL3139 Clinical NY
SAL3148 Clinical NY
SAL3128 Clinical MD
SAL3127 Clinical MD
SAL3157 Clinical NY
SAL3131 Clinical MD
SAL3155 Clinical NY
SAL3151 Clinical NY
PAL3129 Clinical MD
SAL3141 Clinical NY
SAL3145 Clinical NY
[SAL3152 Clinical NY

L SAL3158 Clinical NY
SAL3153 Clinical NY
§AL3146 Clinical NY
SAL3142 Clinical NY
SAL3143 Clinical NY
SAL3154 Clinical NY
[SAL3144 Clinical NY
SAL3156 Clinical NY
[SAL3125 Clinical MD
SAL3149 Clinical NY
{SAL3147 Clinical NY gl

5.0E-4

<=5 ST\I—Ps

20-25 SNPs

PFGE
Match

110-130 SNPs



NGS distinguishes geographical structure among
closely related Salmonella Bareilly strains




Importance of a Balanced Approach
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Note:

« These slides are for teaching purposes only and have
been collected from images that | have made, from the
CDC and FDA, and from around the web.

« The findings and conclusions in this report are those of
the author and do not necessarily represent the official
position of the Food and Drug Administration



