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What is life ?

From molecules to ecosystems

The tree of life
Individuals and interconnections

Anthropocene



My lab topic: How do species diverge with time ?
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Evolution of Drosophila glue

grape potato
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Da Lage et al. 2019 BMC Evol Biol



Evolution of left-right asymmetry
In D. pachea

200 pm 200 pm




What is life ?

From molecules to ecosystems

The tree of life
Individuals and interconnections

Anthropocene



LIFE SCIENCES

LS1 Molecular Biology, Biochemistry, Structural Biology and

Molecular Biophysics

LS2 Genetics, 'Omics’, Bioinformatics and Systems Biology

LS3 Cellular and Developmental Biology

LS4 Physiology, Pathophysiology and Endocrinology

LS5 Neurosciences and Neural Disorders

LS6 Immunity and Infection

LS7 Applied Medical Technologies, Diagnostics, Therapies, Public Health
LS8 Ecology, Evolution and Environmental Biology

LS9 Applied Life Sciences, Biotechnology and Molecular and Biosystems
Engineering



« La nature n’est jamais aussi grande que dans ses créatures les
plus petites » (Pline I’Ancien)




What is life ?

What are the properties of the living
world ?
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Fire
The sun
A virus
A computer virus
A mule (sterile hybrids)
A foetus In the mother’s womb
A sperm cell
A spore that will never germinate
A sea urchin oocyte that will not be fertilized
The earth



Properties of the living world

Metabolism
ADbility to reproduce
Auto-organization properties

Delimited by a membrane
Made of cells
Contains nucleic acids



What is the difference
between humans and other organisms ?



Humans versus other organisms

Several conceptions in different cultures

Our conception:
Naturalism (same physicality between humans and other
organisms, all can be explained by this physicality)

Other views:
Animism (each living species has its own physicality and interiority
and thus views the world in its own way)

Totemism (certain groups of humans have the same physicality
and internality as certain groups of animals)
Ex: catcher (white cockato cacatoes) / watcher (raven)

Analogism (all types of physicalities and interiorities can be
combined)

Descola 2005



Theodore Schwann, 1839

"All living things are composed of cells and cell products”

1) The cell is the unit of structure, physiology, and organization in
living things.

2) The cell retains a dual existence as a distinct entity and a
building block in the construction of organisms.
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Rudolf Virchow, 1857

Every cell arises from another cell
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Figure 4: Cartoons of several different types of cells all referenced to a standard E. coli ruler of 1

micron width drawn in grey. (A) The protist Giardia lamblia, (B) a plant cell, (C) a budding yeast
cell, (D) ared blood cell, (E) a fibroblast cell, (F) a eukaryotic nerve cell, and (G) a rod cell from

the retina.
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From cells to molecules
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animal cell (adherent fibroblast)
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animal cell (adherent fibroblast) centrosome with
pair of centrioles

chromatin (DNA) extracellular matrix

microtubule

nuclear pore

mitochondrion

actin endoplasmic
filaments nucleus reticulum
nucleolus
peroxisome plasma 10 um
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David Goodsell



Glycoprotein: protein with Glycolipid: lipid with
l B e carbohydrate attached / carbohydrate
&  attached
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nucleic acid: biopolymer composed of nucleotides, which are the
monomers made of three components: a 5-carbon sugar, a phosphate
group and a nitrogenous base. If the sugar is a compound ribose, the
polymer is RNA (ribonucleic acid); if the sugar is deoxyribose, the polymer
IS DNA (deoxyribonucleic acid).

protein: large biomolecule consisting of one or more long chains of amino
acid residues.

amino acid: organic molecule that contains amine (-NH2) and carboxyl (-
COOH) functional groups, along with a side chain (R group) specific to
each amino acid.

lipid: biomolecule soluble in nonpolar solvents. Functions of lipids include
storing energy, signaling, and acting as structural components of cell
membranes.

carbohydrate: biomolecule consisting of carbon (C), hydrogen (H) and
oxygen (O) atoms, usually with the empirical formula Cm(H20)n.
Functions include storage of energy (e.g. starch and glycogen) and acting
as structural components (e.g. cellulose in plants and chitin in arthropods).



main constituents of a cell

amino acids hucleotides
= 6501 H6 ____l-___ e.g. Guanine N5C501 H6
/ 0\ 0
| (lll) R , P/ 0 base
I : / \\
—~C—C—N-— HO 0
: | cron (8 OH (RNA)
5 or
l, H (DNA)
=~ N,Cs0,Hg = C5Hg0,
~ 110 Da lL

= P1N507,C10H14
~ 350 Da

total protein massincell = 3 times larger than RNA + DNA



Homooligomers

protocatechuate
3,4-dioxygenase

potassium
channel

glutamine synthetase satellite tobacco
complement C1 necrosis virus

10 nm
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Which is larger:
MRNA or the protein it codes for?



Which is larger:

MRNA or the protein it codes for?
mRNA protein

(myoglobin, 1078 bases) (myoglobin, 153 aa)

T

3’ polyA tail



Median protein length

organism

H. sapiens

D. melanogaster

C. elegans

S. cerevisiae

A. thaliana

5 eukaryotes (above)
67 bacteria

15 archaea

median protein length
(amino acids)

373
373
344
379
356
361
267
247



property

cell volume

proteins per um? cell volume
mRNA per cell

proteins per cell

mean diameter of protein
genome size

number protein coding genes
regulator binding site length
promoter length

gene length

concentration of one protein per cell

diffusion time of protein across cell
(D = 10 um?/s)

diffusion time of small molecule
across cell (D = 100 um?/s)

time to transcribe a gene

time to translate a protein

typical mRNA lifetime
typical protein lifetime
minimal doubling time
ribosomes/cell

transitions between protein states
(active/inactive)

timescale for equilibrium binding of small
molecule to protein (diffusion limited)

timescale of transcription factor
binding to DNA site

mutation rate

budding yeast
30-100 pm?
2-4x10°

4.6 Mbp
4300

~100 bp

~1000 bp
~1 nM
~0.01s

~0.001 s

<1 min
(80 nts/s)

<1 min
(20 aa/s)

2-5min
1h

~0.03 s

~1 min

~1 min

~10 mintoover 1 h

03-3h

mammalian (Hela line)
1,000-10,000 pm?

10°-10°
~*|010

3.2 Gbp
21,000

~10%-10° bp

~10%-10° bp
(with introns)

~0.1-1 pM
~1-10s

~0.1-15s

~30 min
(incl. mRNA processing)

~30 min
(incl. mRNA export)

5-100 minto over 10 h
10-100 h
20 h
~10°

1-1000 ms (1 uM-1 nM affinity) ——

~1s

10-107"%bp/replication



(A) bacterial cell (specifically, E. coli:V = 1 um3;Lz1 wm; =1 hour)

membrane
water protein ; , lipid
inorganic

\ \J ion A protein

(O 5x105 @108 5x107

2x101° O 74
6
2x103 2x10*  5x10%bp

e

mMRNA ribosome DNA

(B) yeast cell (specifically, S. cerevisiae: V= 30 um3; L= 5 um; t = 3 hours)

10°

12x10” bp




(C) mammalian cell (specifically, HeLa: V = 3000 um?3; L = 20 um; t = 1 day)




First “synthetic” cell developed by scientists

* .
* Elements for yeast propagation
jrd and genome transplantation

M. mycoides JCVI-synl.0 x
1.08 million base pairs and 901 genes Ascl

BssHII
single yeast artificial chromosome

O

+
M. capricolum recipient cells

i Oligonucleotide
i Synthesizer

Oligonucleotides

! 1,080 bp cassettes (1,078)
i (Assemble109X)

! 10,080 bp assemblies (109)
—800,000 i (Assemble 11X)

100,000 bp assemblies (11)
i (Assemble 1X)

v 1,077,947 bp %

BssH Il

M. mycoides JCVI-synl1.0

Gibson et al. 2016



First “synthetic” cell developed by scientists

M. mycoides JCVI-synl.0 contains strings of bases that, in code,
spell out:

a web address to send emails to if you can successfully crack the
new code,

the names of 46 authors and other key contributors,
three famous quotations. One of which by James Joyce, perfectly

encapsulates the ups and downs of a the 15 year project—"To live,
to err, to fall, to triumph, to recreate life out of life.”

Gibson et al. 2016



Smallest “synthetic” cell

M. mycoides JCVI-syn3.0

531,560 base pairs and 473 genes [ ’if;f Yecorues ».(

retains genes involved in key processes such Synthes,s
as transcription and translation, but also

contains 149 genes of unknown function 4 Desngn

genome smaller than that of any
autonomously replicating cell found in nature.

Ou tgrowth

doubling time of ~180 min
colonies morphologically similar to those of
JCVI-synl.0

Transplantation .

O G

Isolation Construction

Cloning

Hutchison Ill et al. 2016



Viruses, cells, mitochondria,
reproduction




Virus infecting bacteria = phages

DNA
protein coat

sheath

cell
membrane

100 nm



@ Attachment of phage
to E. coli and injection of
phage chromosome

(® Release of progeny

phages by lysis of @) Breakdown of bacterial
bacterial wall : chromosome by
z\ / - \ phage-specific enzyme
N
Phage Bacterial (host)
,3\ z\ chromosome chromosome
N
Host E. coli cell /
Phage
: chromosome
20 min later
Bacterial chromosome
totally broken down
Phage
chromosomes
Eh_age headsbl g Phage sheath, \
eing assemble base plate, and
Assembly of piate,
© y tail fibers w N\ w @

progeny phage
particles

,(,_._a—-““”’#’ w 1o &

€ Replication of phage
chromosome, using

© Expression of phage genes bacterial materials
to produce phage structural and phage enzymes
components

Copyright © 2006 Pearson Benjamin Cummings. All rights reserved.



Origin of Fluorescence microscopy:

HapACating, . - epRsImB E. coli cells with fluorophores
C ) labeling Ori and Ter
. Lau et al (2003) Mol. Micro. 49:731
* Terminator
DNA Origin e y
replicates. J Ori
DNA replication e
continues L
bidirectionally.
DNA starts *
next round.

Septum fon'ns

mé@-’ac&*?j

Division into
two cells.

() ==

http://biology.kenyon.edu/courses/biol114/Chap01/cell.ntml




Confinement of deposit precursors
to the yeast aging lineage

mother

Wild type
_ Endoplasmic reticulum
(ER)

§’ Farnesylated Ydj1

Defeétive © Non-farnesylated Ydj1

diffusion barrier 4 >
* misfolded protein /
aggregate seed

ER diffusion barrier

Defective > N
ER-tethering 4

Saarigankas 2017



SYMMETRIC VIRUSES

cowpea chlorotic human papilloma polio
mottle




HIV genome

9 genes encoding 15 viral proteins
Reading Frame gag

2

< I | nef
ﬂu 3-LTR

3 Ceetpwer s pane [ f—
pol

L | | 1

1 1 1 1 1 |

o 1000 2000 3000

HIV-1 Genome

H

o 4]’""4 T

-Ewl s T |
core structursl virl ereymss
e | \

prolesse Fevene

pribeins

cleler ealuing
. cards

4000 5000 6000 7000 8000 9000 9719

Base Pairs
‘—Glycosylation

}env-Gchoprotein Complex
Proteins of Host Cell

Lipid Membrane
Matrix Protein

Capsid

Nucleocapsid Protease

Capsid
Nuckeacapsid
Viral RNA Genome

Tat—"

-
iral RM#& Gename

Integrase  Reverse

Transcriptase W|k|ped|a



virus

porcine circovirus
(PCV)

cowpea mosaic
virus (CPMV)

cowpea chlorotic

mottle virus (CCMV)

@X174 (E. coli
bacteriophage)

tobacco mosaic
virus (TMV)

polio virus

@29 (Bacillus
phage)
lambda phage

T7 bacteriophage

adenovirus
(linear DNA)

influenza A
HIV-1

herpes simplex
virus 1
Epstein-Barr
virus (EBV)
mimivirus
pandora virus

size
(nm)

17

28

28

32

40x300

30

45x54

58
58

88-110

80-120
120-150

125

140
500

500x1000

genome size
(base pairs)

1,760

9,400

7,900

5,400

6,400
7,500

19,000

49,000
40,000

36,000

14,000
9,200

153,000

170,000

1,200,000

2,800,000



Criteria to define viruses

Established by André Lwolff in 1957

1) does not contain ribosomes (needs the host machinery for replication)
2) cannot divide to produce 2 entities

3) reproduce via only part of their constituents

4) does not harbour a minimal metabolism to reproduce

Points 3 and 4 were later refuted.



Buchnera : an obligate symbiont

Phloem sap rich in carbohydrates but devoid of
essential amino acids

Embryo Nymphal Adult
development development aging
I | I
Days o 1 2 3 a 5 b 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Late Embryo Young Adult Adult Senescent Adult
(LE) (A9)  (A13) (A23)
a (] [] L ’ o
x4 x1
b
bacteriocytes
C
Buchnera

bacteria

16
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A-B-C-D-E-F-G-H-I-J-K-L

Free-living
bacterium

\ transfers’?
Geneﬂ Gene transfers

Gene losses <— %___., New losses X
)y// genes

A-B-X-H-Y-Z-L-D

Gene scrambling r,::%
-,

A-B-E-F-L

molecules

Parasite P
Current Biology






Mitochondria

h=

Mitochondrial DNA

o0

Aarrabic
prokaryate

TRNF TRNT
RRNS H strand

CYTB

CR(HV-IL 1LY 1pup

RRNL

TRNLT o NbS

L strand

ND1

13k0 @

e 37 genes :
T 16.5 kb

ND2
ND4

TRND

COX2 TRNKATPg ATPE

Photosynthetic
prokaryote
. Chlaroplast




Major function of | |

- - Phosphate Adenine nucleotide
m Itoc h O n d r I a carrier translocase
- Intermemb rane space
IS to Mitochondrial inner memb rane
p rOd u ce Matrix rRNA (Eggltcr)%l Polypeptide

..

ATP

pH ~7.2

genes x13) H+ P; ADP ATP pH ~8

2x cytochrome ¢

ATP
synthase

Totalnumber

4
0

of subunits 4 L L 13 18
Subunits encoded 7 0 1 3 2
. by mtDNA
Smith 2012 L

TRENDS in Pharmacological Sciences



Functions
And
Biogenesis
Of
Mitochondria

Smith 2012

Transcription factors
—» & co-activators

(e.g. PGC-10, NRF-1)
AMPK

Cytoplasm
\ 8

Redox \
/ Hioz _ e signal
Mitochondrion y MOMP
Inter- ’ . — — — - '
membrane . »-Apoptosis
space
©) " Matr
@ R Calcium
Ay signal
Substrate
(e.g. NADH,
( ( j suocmate) a2+
ADP ATP \: (e cycle MltOChondnal
syn as Fatty acid proteins
oxidation PDC TIM
Mitochondrial
protein import
TOM
Mitochondrial S
carrier family - Fatty Pyruvate Cytoplasmic
L’ acids translation
Porin/
VDAC . s
ATP/ADP Glycolysis Transcription of
ratio mitochondrial
l genes




Mitochondria and chloroplasts

~(ARcHAEA,
ST

ancestor of ancestor of
mitochondria plastids
~ 5,000 genes ~ 5,000 genes

mitochondria

) 3-67 genes
Maier 2013 ~1% retained

plastids
23-200 genes
~2% retained



The tree of life,
sampling the living world




Bacteria

Crenarchaeota

Archaea

Euryarchaeota

'
rRMA sequence change

@ Unresclved branching order

Actinobacteria

™7

\DYH

stramenopiles

Alveolates
e rhamﬂebae
&
?ﬂe
o
D
2 %,
L7 %
Eucarya



Ribosome on mRNA

catalytic centre

RF1

Eukaryote: 18S RNA, part of the 40S subunit
Bacteria, Mitochondria : 16S RNA, part of the 30S subunit
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Global Oceans Viromes 2.0

145 marine viromes

) 61 Surface Samples
O Tara Oceans Expedition 38 DCM Samples
' 6 Mixed Depth Samples

A Malaspina Expedition : : 27 Mesopelagic Samples
= 13 Bathypelagic Samples

5 Viral Ecological Zones Viral Latitudinal
Identified Diversity

195,728 Viral Populations :| Gradient
All depths
® Most Organisms Viruses
(g !
C
Epipelagic e

R -

Gregory
et al
2019

Sequence-Discrete
=10kb lenath



Larger

Ecological Levels of Organization

Smaller
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Five ecological zones

A
Permanova
p-value = 0.001
N,
2
o
~
@]
O
o o
-1 0 1 2
PCo1 (179
C o1 ( A))

Principal Component Analysis



-0.2 0.0 0.2 0.4

-0.4

Five ecological zones

A ~ TT-EPI | TT-mEs | BATHY [T ARC B
@ 100
TT ANT ARC Depth(m) AU: @ 294
O 0 O < © ' ®>75
@ O 10-150 o
® ® @ 150K @
@® >2K - @
© @
.Q
¢ <
® @O
(; @ @
O® O.
@
@
O
5
@
K=2 o Permanova
Stress = 0.1244 p-value = 0.001 |
-0.6 -04 -0.2 0.0 0.2 04 0.6 e
I I
NMDS1

Non-metric Multidimensional
Scaling

Hierarchical clustering



Pearson's r =-0.9
p-value = 7e-48

Temperature (°C)
o

PCo1 (17 %)

Regression analysis between the first coordinate of a PCOA and temperature
Samples are separated by their local temperatures with an r2 of 0.82.



Global Oceans Viromes 2.0

145 marine viromes

) 61 Surface Samples
O Tara Oceans Expedition 38 DCM Samples
' 6 Mixed Depth Samples

A Malaspina Expedition : : 27 Mesopelagic Samples
= 13 Bathypelagic Samples

5 Viral Ecological Zones Viral Latitudinal
Identified Diversity

195,728 Viral Populations :| Gradient
All depths
® Most Organisms Viruses
(g !
C
Epipelagic e

R -

Gregory
et al
2019
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Living organisms in extreme conditions

Tardigrad: mountaintops, deep sea, mud volcanoes, tropical rain
forests, Antarctic

Temperatures between —272 and +150 °C, pressure up to 6 000 atm,
air deprivation, radiation, dehydration, starvation, outer space




Hyperthermophile bacteria

All bacteria living at >80°C have a reverse gyrase enzyme
Maintains DNA stability

positive supercoil

G-quadruplex \

reverse gyrase

disintegration of |
G-quadruplex by

positive supercoili%

-

G-quadruplex %

Structure 1 Structure 2 Structure 3 Structure 4




Monitoring birds

Peter and Rosemary Grant
in Galapagos

w
o Large

2 = Beak size
=

04

Wariation
]

-06 -04 -02

L et P

14970 1975 1980 1485 1890 1495 2000 2005
Year




Rapid evolution of great tits

1970: avant réechauffement

Disponibilité des chenilles

14j de décalage

Eclosion Nourrissage
Cycle de reproduction des mésanges

2000: apres réchauffement

v

Disponibilité des chenilles

Eclosion Nourrissage
Cycle de reproduction des mésanges

Etonnant vivant : découvertes et promesses du XXle siécle (2017)



Tracking king penguins

44°S e '
ag° |' E 1992| |1993 1994 {1996
| ©
48° 4! 3 P . .
500 -L - M i — L | B o I { II|IJ |
520 -‘\\ - . | _\_"_\ © ] _...___.__\__“-._ o
540 T T T T T T T T T T
49° 51° 53°E
41998 12000 1 2001

Must go to the polar front
to capture fishes

1 2004 - EGﬂfﬁ
_ ]
42009 412010

~— o Bost
T et al

2015

green lines; upper line: 5°C sea surface isotherm; bottom: 4°Csea surface isotherm



The further, the longer it takes

o

Time to Polar Front (days)

49 50 51 52 53

Polar Front location (°S)

Bost
et al
2015



Decrease in population numbers in 1997

90,000 -
£ 80,000 4
100,000 - & 70,000 -
> 60,000 -
2 50,000 A
E ¥
= 40,000 - ._+
30,000 - |
80,000 - TN O
£ SAIOD
© /
D‘ Ir
B
E -L"'\. "f
-E 60,000 - N
=3
= / /
\ /
40,000 -
—&— Observed
Predicted
20,000 . ' 1 . . L 95.% CRI
1982 1987 1992 1997 2002 2007
Bost
et al

2015
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