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Vertebrate organs
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Vertebrate organs are remarkably diverse — bralns hearts, kldneys livers, and gonads vary W|dely across spemes
Internal organs were inherited from chordate ancestors >500 Ma yet forms and functlons vary enormously
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This dlver3|ty powered vertebrates' transmon from water to land and adaptation to most enwronments
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Questions

e What molecular & developmental changes are responsible
for the origin and diversification of vertebrate organs?

e \What evolutionary forces drove these changes?

e How do new technologies (WGS, single-cell genomics,
genome editing) transform our understanding?
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01. Molecular Basis of Organ Evolution

O o
Question: el
Changes Changes

 Morphology changes driven by gene expression?

* Physiology changes driven by protein sequence?

* Transcriptional regulation * Coding mutations * Gene duplication
* Post-transcriptional control * Novel isoforms * Gene loss / pseudogenization
* When, where, how much » Structural alterations * Whole-genome duplication

* Are gene expression changes the most common driver?

* Mutations in regulatory elements tend to be less pleiotropic?

Claude Generated

* Can transposable elements rapidly rewire gene networks?

Phenotypic Diversification of Vertebrate Organs

Identifying genetic basis of organ evolution remains challenging, due to the most traits emerge from many genetic

changes over millions of years.

14



02. Organs & Cells Evolve at Different Rates

Organs Evolve at Different Rates

Brain erebellum Heart Kidney Liver Ovary
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e Genes expressed in brain differ least across species Cerebellum B7al  19%

—_
o D
g O,

e Consistent across all vertebrate lineages studied

- 18%

—— Conserved —— New

—
S
(&)

-
w
o

Transcriptome phylogenetic age

e Strongest purifying (stabilizing) selection
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* \Weaker purifying selection, especially in late-spermatogenic [ ¥50%HA] cells

The rapid evolution of the testis mostly to late spermatogenic (post-meiotic) cells.

; Florent, M., et al., Nature. 2022



02. Organs & Cells Evolve at Different Rates

Organs Evolve at Different Rates

Brain Cerebellum Heart Kidney Liver

Alternative Splicing

e More prominent in brain and heart evolution g 155 —
% 1.45 Cerebellum 573
e Extensive in neurons and cardiomyocytes 8 455
e 2
e Species differences in splicing timing (heterochrony) REWE
8
common in ovary and testis G 1.30 =
Gene EX])I'eSSIOII ' —— Conserved —— New

e Changes in expression levels and timing are widespread

* Newly evolved enhancers near positively selected genes (liver) g O % ® @ 8 - ‘

e Organs with most expression divergence show more positive OO IT LA , ‘7‘5
selection

Transposable Elements e -

e Add new exons and genes to genomes I s é

e Can 'rewire' entire gene regulatory networks “""ﬁ; . | »

(million years ago)

e Disproportionately contribute to fast-evolving organs:

The rapid evolution of the testis mostly to late spermatogenic (post-meiotic) cells.

Florent, M., et al., Nature. 2022

testis, blood, immune, placenta



02. Organs & Cells Evolve at Different Rates

Organs & Cell-Level Evolutionary Rates

Developmental dynamics
oy

e
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* Most brain cell types is slow-evolving.

Evolutionary dynamics

EJJESs AR

Opossum

Mouse cerebellum Genome alignments  snATAC-se 5 The faSteSt Ce” type |n bl‘aln |S m|CrOg||a,
snATAC-seq . : : : -
M which is one of the immune cells
KE\K& (generally fast-evolving).

Conservation

 But the microglia is the slow-evolving cell
type among the immune cells.

——Development——

11 developmental stages @® Granule cell @ Purkinje cell
@ Interneuron @ Astroglia @ Microglia

The fastest cell type in brain is microglia[/ V@& & E4ERR].

Shared cell types (eg. immune cells) evolve at rates reflecting their organ-specific neighbors.
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04. Evolutionary Forces & Sex Differences

Except the neutral processes, there are ...
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Evolutionary Forces
e Purifying selection: pervasive across all organs, but

strength differs — strongest in brain, weakest in testis

e Positive selection: amplifies differences between
organs (liver, immune organs, and testis are frequent

targets)

eBoth forces work together to create the pattern of

differential evolutionary rates
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04. Evolutionary Forces & Sex Differences
Sex Differences (sex-biased expression)

An area of increasing interest is the evolution of sex differences, particularly sex-biased gene expression

Sex-bhiased expression Temporal dynamics Conserved sexually dimorphic cell types

( Males Q Females Why do organ sex differences

r_' evolve so fast?

S_expema|e * it is probably because of the

= Male

Gene expression

Species Organ Development Sex
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Development Development natural selection and a simple genetic
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Rodriguez-Montes, L., et. al. Science. 2023
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05. Evolution & Development

Von Baer's Law

@Xupeng Bi @Xulan, Kezhi, Qisan

Haeckel Von Baer

Development stages No recapitulation:
recapitulate adult embryo’s development
evolutionary stages increasingly diverse

Adult Fish -\\ Frog-\\ Bird Fish  Frog Bird

Calf Rabbit Human

YamBpeeddmate embryos exhibit features common to the entire
; %gph)ylum.

more general characters of a large group appear earlier in the embryo than the more

/i‘oec:/ | characters. :
® As gdevelopment progresses, embryos become recognizable as

2. fmermibersosifanelrlcoass tithehs orter! trefiefalerity, arrabfinally theipsvesoiesst

special arises.

3. Every embryo of a given animal form, instead of passing through the other forms, rather
becomes separated from them.
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> 4. The embryo of a higher form never resembles any other form, but only its embryo.
(AR Be &< BRI Z 1] el y y its embry
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05. Evolution & Development

Purifying
selection

Evidence & Pleiotropy

e As cells differentiate, species differences increase in gene expression and regulation increase.
e Pleiotropy: (early stage) more pleiotropic genes = stronger purifying selection
e Mutations with few pleiotropic effects are more likely to underlie adaptation

e Both stronger functional constraints early & increased adaptation later ('von Baerian' pattern)

Early
Organ development

Von Baer's Law — Molecular Confirmation

e Early embryos of different species are morphologically similar (phylotypic period)

Pleiotropy ‘ e As development progresses, species differences emerge (confirmed at the molecular level)

Early ————1v---+-+-------————— | ate

e Purifying selection stronger early in development: positive selection increases later

e Pleiotropy of expressed genes decreases over development
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06. Origin of Evolutionary Novelties
Models of New Cell Type Evolution

Ancestral state

Progenitor (| ———> —_—

Intermediate

Progenitor _—

Cell differentiation

Four models for cell type evolution

Sister cell type

—

New cell type C

New cell type D

Temporal-to-spatial

New cell type F

Cell type A

Cell type A

Cell type B

Cell fusion or hybridization

Cell type A

New cell type E

Cell type B

Terminal addition

_— New cell type G

Cell type B
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1. Sister Cell Type

Multifunctional cell segregates functions into two
daughter types (division of labour).

E.g. neurons, photoreceptors, oligodendrocytes.

2. Cell Fusion

Transcription factors from different cell types co-
expressed in same cell = new combined cell type.

E.g. defensive glands in beetles.

3. Temporal — Spatial

Programs that were sequentially activated become
simultaneously active in different locations.

E.g. epitheliomuscular cells (photosensitive and
contractile) in cnidarians.

4. Terminal Addition

New cell type via transdifferentiation of a terminally
differentiated cell.

E.g. black = white pigment cells in zebrafish.



06. Origin of Evolutionary Novelties
Vertebrate-Defining Cell Innovations

Neural crest “New Head” hypothesis

e Cranial neural crest fltH221H ,'-.:’.;-:'.:.'-‘ R4 ﬂ“f@ Forebrain

 Trunk neural crest B8

 Sacral neural crest BfffH%3 I | AR i Hindbrain

Mao, et al., 2022.

Neural Crest Cells [ #1205 20 Cranial Placodes [fiifz ]
e Differentiate into bone, cartilage, smooth muscle, e Form inner ear, nose, lens, cranial sensory ganglia

peripheral nerves, pigment cells

e Together with neural crest: reshaped the vertebrate head, heart,
e Sensory neurons crucial for water-to-land transition are and sensory systems

neural crest-derived
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/. Future Directions

GENERICS OF ADAPTATION MECHANICAL POPULATION GENETICS
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Golden Age of Organ Evolution Research (Gemini Generateq)
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