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* The Pathways Project uses network analysis
approaches to better understand the evolution and

Pat hways P FOJ eCt function of biological pathways.

Analyzing the evolution of metabolic and * The current focus is on annotating genes within the
signaling pathway genes insulin signaling pathway across the Drosophila
genus.
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Insulin’s Function

* Insulin works like a key, unlocking the doors of the
cells in your body to let glucose in.

* Once insulin opens the cells’ doors, glucose can
move from the blood into the cells, where it can
then provide energy to the body.
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https://web.archive.org/web/20190304081607/http:/www.aboriginalhealthdiabeteswa.com.au/community-members/diabetes-in-pregnancy/
https://web.archive.org/web/20190407145656/http:/www.endocrineweb.com/conditions/diabetes/normal-regulation-blood-glucose
https://pubmed.ncbi.nlm.nih.gov/16493415/
https://pubmed.ncbi.nlm.nih.gov/16493415/
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What are the Effects of Insulin Signaling?
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Why analyze evolution of insulin
signaling pathway?

Genetic
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Network Architecture

Jog Your Memory

* What is a phenotype? Give some examples.

What's different about the phenotype of
House A and House B?

kA

House A House B
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What'’s different about the architecture of
House A and House B?
House A House B
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https://pubmed.ncbi.nlm.nih.gov/28974775/
https://pubmed.ncbi.nlm.nih.gov/28974775/

How might their architectural differences impact
each house’s ability to evolve in order to adapt to
changing conditions (i.e., which house would be
easier to change)?

House A House B

highly evolvable resistant to evolution

Predicting genetic loci to evolve

Predict low complexity network (House A) would
evolve rapidly and loci with high complexity

networks (House B) would evolve slowly '

House A House B
highly evolvable resistant to evolution

easily perturbed robust

Think, Pair, then Share

* Why do you think Southwest Airlines had to cancel
so many of its flights when other large airlines such
as United, Delta, and American didn’t?

* Take 30 seconds to think about your answer to the
above, and then share it with your neighbor.
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How might their architectural differences
be impacted by external stimuli?

House A House B

easily perturbed robust
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Southwest Airlines canceled 62% of its flights
during the 2022 Holiday Travel Season

aheDenvet Gazette

Millions of Southwest passengers experience
historic holiday travel debacle

€he New Hork Times

The Southwest Airlines Meltdown

In the last 10 days of 2022, the airline canceled as many flights as it had in the previous 10
months. What went wrong?

REUTERS®
U.S. senators press Southwest to answer
questions on holiday meltdown
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Southwest Airlines

* Southwest Airlines uses a point-to-point route
model which allows passengers in smaller cities
(e.g., Birmingham, AL) to fly directly to their
destination.

* Delta Airlines uses a hub-and-spoke route model in
which passengers from smaller cities must travel to
a central hub airport (e.g., Atlanta, GA) to change
planes before flying to their destination.
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Think, Pair, then Share

* Which of these models do you think is more robust
(i.e., could withstand perturbations* like extreme
weather conditions in part of the country)?

*a deviation of a system, moving object, or process from its regular or
normal state or path, caused by an outside influence
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What defines the architecture

of a network?
* Nodes

oAirports

* Edges
o Flight paths

An analysis ovaéIta; Route Maps
* Architecture can be changed by
o Adding/subtracting nodes
= New airports
o Adding/subtracting edges

= New flight path between two
airports

Image: hittpeu//blogs.cornell.edu/inf02040/2012/00/11/an-analvsis-of-delta-route-maps/ |
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In the context of biological Review
networks... .
* Nodes - * In our airline example, what were Nodes vs. Edges?
o Genes/proteins * What biological examples of Nodes vs. Edges did
we use?
* Edges
o Interaction between two
genes/proteins = e
An analysis of Delta Route
* Architecture can be changed by
o Adding/subtracting nodes
= Gene duplicates
o Adding/subtracting edges
= New transcription factor binding
site in a gene’s promoter
Image: wslledy/in02040/2015/00/1]
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Hub-and-Spoke Model Hub-and-Spoke Network Architecture
In the hub-and-spoke network,
Wheel hub most nodes have only a few links,
but a few nodes, called hubs (red),
\ Wheel spokes have a very large number of links.
& /A
7 - The network connectivity can be
g characterized by the probability,
- P(k), that a node has k links.
image: log k Jeong i Tombor, 3, Aber, € Ot 2, & B & L (000
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https://blogs.cornell.edu/info2040/2015/09/11/an-analysis-of-delta-route-maps/
https://blogs.cornell.edu/info2040/2015/09/11/an-analysis-of-delta-route-maps/
https://web.archive.org/web/20221108130918/https:/nowboarding.changiairport.com/discover-changi/changi-airport-cafe-hub---spoke.html/
https://www.nature.com/articles/35036627
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Most biological
networks are
hub-and-spoke
across the
domains of life

ic Networks
T

remp o Guiding Questions of the Pathways Project
Out —8—

* How does network structure determine robustness
of function in response to perturbation (within-
species timescales)?
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40716804, 651-654.
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Measuring Rate of Molecular Evolution
* Number of differences in nucleotide sequence
between two species
o More differences = more/faster evolution
R f M | I * How do we distinguish between neutral and
ates (@) olecular adaptive evolution?
. o Substitution Rates:
EVO I ut I O n = |f difference in nucleotide sequence leads to a change in the
amino acid, what type of substitution is this?
O non-synonymous (“non-synonym”)
= |f difference in nucleotide sequence doesn’t lead to a change
in the amino acid, what type of substitution is this?
O synonymous (“synonym”)
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Check For Understanding Measuring Rate of Molecular Evolution
* What type of }f 7;// o * Substitution Rates:

substitution would
this be? Would it
change the
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o Non-synonymous substitution rate (dy)
= difference in amino acid - assumed to be non-neutral

o Synonymous substitution rate (ds)

(]

chemical proper‘ties el U/ G * * no change in amino acid - assumed to be neutral
9 u G =-TpW, .,
A . 3 3
of the amino acid? le‘.‘ G . Alc WV ol
? -0 1 AL
If s0, how S%@ C A c i * dn/ds = ratio of non-synonymous to synonymous
1. GCG > GCA /U |G\ & "%y nucleotide substitutions (also called Ka/Ks; w)
2. UUG = UCG ;U 1 \,6
3. GGA- GUA Iy L\*
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https://www.nature.com/articles/35036627

dN/dS =1
gene evolving neutrally

Non-synonymous Synonymous

Y ——— E—
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dy/ds <1
gene experiencing selective constraint

Synonymous

Non-synonymous
OEEEEEE—

——

the proportion of new mutations that are strongly
deleterious are removed by purifying selection
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dy/ds >1
gene experiencing adaptive evolution

Non-synonymous
~—EEEE  A—

Synonymous
T A—

evolutionary changes that are adaptive to a particular
environment
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* dn/ds = ratio of non-synonymous to synonymous
nucleotide substitutions (also called Ka/Ks; w)
ody/ds = 1 - gene evolving neutrally
ody/ds < 1 - gene experiencing selective constraint
ody/ds > 1 - gene experiencing adaptive evolution
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More complex measures consider
other factors

« Sliding windows

 Codon Bias: preferential use of certain codons for
particular amino acids

* McDonald-Kreitman (MK) test

o excess rare polymorphism —> positive selection

* compare ratio of within species polymorphic
(nonsynon:synon) to between species differences
(nonsynon:synon)

* Tajima’s D

* Using linkage disequilibrium to identify selective
sweeps

35
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Impact of network
architecture on evolution
of protein-coding genes
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Rate of protein evolution correlates with the
number of interactions with other proteins
(proteins that are spokes evolve faster)

Human Protein-Protein
Interaction Network
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Gene Duplication

39

Regulatory Region
Evolution
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Rates of Protein Evolution Partially
Correlated with Many Factors
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Relationship between rates of protein evolution and several factors in the human
protein—protein interaction network
Same patterns hold for the human signal transduction network, flies, worms, and yeast!

Alvarez-Ponce, D, Feyertag, F. & Chakraborty,S. (2017). Pg
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Linking Genetic Evolution to
Physiological Networks

Functional evolution of duplicated genes
B

l Gene duplication

most common Sequence evolution

i ——
Nonfunctionalization / \ Subfunctionalization
[ [ l

Conservation Specialization

Neofunctionalization

mch M, & Conery, .. (2000, ToS UOOA e A oo sl oo

40

How to build a beast?
* For most of the 20th Century... ; y -

o “Cows had cow molecules and goats
had goat molecules and snakes had
snake molecules, and it was because

they were made of cow molecules that < -
a cow was a cow.” — Francois Jacob
. Vi Yo
* But, most genes are highly
conserved across species...
* Most variation in phenotype is ) 3

caused by changes in the timing and
location of gene expression

* So, how does regulation of gene
expression evolve?

Katie Created with BioRender.com
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https://academic.oup.com/gbe/article/9/6/1742/3922884?login=false
https://academic.oup.com/gbe/article/9/6/1742/3922884?login=false
https://academic.oup.com/gbe/article/9/6/1742/3922884?login=false
https://www.nature.com/articles/35036627
https://www.nature.com/articles/35036627
https://academic.oup.com/gbe/article/9/6/1742/3922884?login=false
https://academic.oup.com/gbe/article/9/6/1742/3922884?login=false
https://www.science.org/doi/10.1126/science.290.5494.1151?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
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Evolution of Cis-Regulatory Elements

duplication-degeneration-complementation (DDC) model
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Force, A,, Lynch, M., Pickett, F. B., Amores, A,, Yan, Y. L, & Postlethwait, J. (1999). Presenyation,
most common 5 (a), 1551505

Lynch, M, & 1.5. (20001,
Science [New Yor .Y, 290(5a0d] TISTTT®

Importance of synteny in
assigning orthology
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Homologs, Orthologs, and Paralogs

* Homology: sequences
or structures which homologs

share a common A
ancestor -

A A‘

frog chick(. mousec: mouseB  chickB  frogh

* Two segments of DNA
can have shared
ancestry (be ~chain gene B-chain gene
homologous) because ™~ ¥
of either a speciation

event (orthologs) or a

duplication event

(paralogs).

Image: BLAST
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Defining Synteny cont.

* As organisms evolve, changes occur in their genomes
(deletions, insertions, etc.)

* Over time, these changes can disrupt synteny
o Two genetic entities may no longer be on the same
chromosome
o The order and orientation of genes relative to a target gene is
no longer conserved
* Generally, we hypothesize that no changes have taken
place, because this is the simplest explanation
o Evolutionarily, this concept is known as “parsimony”
o More commonly, this is known as Occam’s Razor: “the
simplest explanation should be preferred over more complex
theories”

47
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Defining Synteny

* Classic Definition (“Global” synteny): two “genetic
entities” (e.g., genes) on the same chromosome

* “Local” Synteny: conservation of the order and
orientation of genes in the vicinity of a target gene -
This is what the GEP uses!

Myers PZ. (2008). ugig (4
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Identifying the Ortholog via Synteny

* Synteny: the order and orientation of genes tends
to be conserved

Species 1—— ) () —{forset Gene »— (N —

Some divergence

Species 2— ) —— ) — ey (U I

More divergence

Species 3 ) [ote)> G
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1460548/pdf/10101175.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1460548/pdf/10101175.pdf
https://www.science.org/doi/10.1126/science.290.5494.1151?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.ncbi.nlm.nih.gov/books/NBK62051/
https://www.nature.com/scitable/topicpage/synteny-inferring-ancestral-genomes-44022/

What does synteny
look like in the GEP?
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Synteny not conserved

 E— |
D. pseudoobscura (NC_046679; reverse complement)

Synteny conserved
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