


Symbiosis, |

e Symbiosis: An association between two dissimilar (or similar) (micro or
macro-) organisms that have some degree of physical association, which is
potentially long lasting, regardless of the implications for the fithess of either
organism —> living together

e Parasitism: An antagonistic symbiotic relationship in which one species is
harmed, while the other benefits

e Mutualism: A symbiotic relationship in which both interacting species benefit,
or are perceived to benefit. Benefit is often only confirmed empirically for the
host Symbiosis, in which the organisms are involved in a normal metabolic
and immune signaling interactions

e Dysbiosis: A status in which the relationship or interactions are heavily
altered, possibly related to a major stress or infection event, are reversible
(unhealthy state of the organisms), antonym is Eubiosis



Symbiosis lexicon

 Parasites are microorganisms that benefit at some expense to the host
e Pathogens actually cause a disease in the host

e Commensals have no discernible effect on the host

 Mutualists are beneficial to the host

 Mutualistic microorganisms as intimate evolutionary partners that influence both
the evolution and physiology of their hosts

Origins many millions of years ago and have evolved to benefit the physiology of both
partners, a process called coevolution —> obligate symbiosis

Obligate symbiosis: Streamlined genomes: retain only genes required for host fithess
and essential molecular processes, such as translation, replication, and transcription



Symbiosis, Il

Stephens, 2022

Trends in Ecology & Evolution
e Many hosts, both plants and animals, have evolved specialized structures to filter and house beneficial microbes
e Symbiotic organs share some core features linked to the evolutionary maintenance of beneficial symbiosis

e ‘Joint phenotypes’ have developed given the various selection pressures on symbiotic organs, including fitness feedbacks
and conflicts between interacting genomes



Evolutionary transitions onto and along the
parasite-mutualist continuum

a Obligate pathogen from b Growth benefit from
environmental ancestor soil-associated bacteria

¢ HGT of virulence-associated loci d Replacement of existing
nutritional symbiont

Drew et al., 2021 5



Legend

a Obligate pathogen from b Growth benefit from
environmental ancestor soil-associated bacteria

a. Evolution of parasitic species in the Bacillus cereus
group (for example, the causative agent of anthrax) from
soil-dwelling ancestors

b. Environmental Pantoea bacteria evolving obligate
mutualistic roles in stink bug growth and development

c. The widespread plant parasite Pseudomonas syringae
likely evolving from mutualistic ancestors, driven by
e horizontal gene transfer (HGT) of type Ill secretion

¢ HGT of virulence-associated loci d Replacement of existing Systems
nutritional symbiont

d. Entomopathogens taking over the metabolic role of an
ancient and degraded endosymbiont in cicadas

Drew et al., 2021



Case studies:

1. Legume-Root Nodule Symbiosis

2. Lichen

3. Mycorrhizae

4. Mutualistic chemolithotrophs and their animal
hosts

5. Bobtail squid and Aliivibrio fischeri

6. Gut microbiota - Thermites and Mammals

7. Humans



Legume-Root Nodule Symbiosis
Lichen
Mycorrhizae



Legume-Root Nodule Symbiosis

e Partners in a symbiosis are called symbionts, and most nitrogen-fixing bacterial symbionts
of plants are collectively called rhizobia, derived from the name of a major genus, Rhizobium

e Species of rhizobia are Alpha- or Betaproteobacteria that can grow freely in soil or infect
leguminous plants and establish a symbiotic relationship

e The same genus (or even species) of legume can contain both rhizobial and non-rhizobial
strains

e Infection of legume roots by rhizobia leads to the formation of root nodules in which the
bacteria fix gaseous nitrogen (N>)

e Nitrogen fixation in root nodules accounts for a fourth of the N2 fixed annually on Earth and is
of enormous agricultural importance, as it increases the fixed nitrogen content of soil

e Rhizobia can fix N2 when grown in pure culture under microaerophilic conditions (a low-oxygen
environment is necessary because the key nitrogen-fixing enzyme, called nitrogenase, is
inactivated by high levels of Oo)

 |In nodule, Oz levels are precisely controlled by the O2-binding protein leghemoglobin (Fe-
containing protein induced through the interaction of the plant and bacterial partners)

e Specificity in association



Root Nodule Formation

1. Recognition of the correct partner by
both plant and bacterium and attachment
of the bacterium to the root hairs

2. Secretion of oligosaccharide
signalling molecules (Nod factors) by
the bacterium

3. Bacterial invasion of the root hair

4. Movement of bacteria to the main root
by way of the infection thread

5. Formation of modified bacterial cells
(bacteroids) within the plant cells,
development of the N2-fixing state, and
continued plant and bacterial cell division
forming the mature root nodule

TABLE 23.1 Major cross-inoculation groups of leguminous

plants

Pea
Bean
Bean
Lotus
Clover
Alfalfa
Soybean
Soybean
Soybean

Sesbania rostrata (a tropical
legume)

Rhizobium lequminosarum biovar viciae®
Rhizobium leguminosarum biovar phaseoli®
Rhizobium tropici

Mesorhizobium loti

Rhizobium lequminosarum biovar trifolii®
Sinorhizobium meliloti

Bradyrhizobium japonicum

Bradyrhizobium elkanii

Sinorhizobium fredii

Azorhizobium caulinodans

3Several varieties (biovars) of Rhizobium leguminosarum exist, each capable of nodulating a

different legume.
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Madigan et al. 2018

Root Nodule Formation

Root hair Rhizobial cell

Invaded plant cells Infection e
and those nearby are thread -
stimulated to divide | -
Root hair - - ey
' ~
L

4. Bacteria in

infection
thread grow

5. Formation of
bacteroid state

. Recognition
and attachment
(rhicadhesin-
mediated).

toward root within plant
; cell. root cells.
2. Bacterium 3. Invasion. Rhizobia Continued plant
secretes Nod factors penetrate root hair and bacterial
causing root hair and multiply within Nodules cell division
curling. an "infection thread." leads to nodules.

Sugar from photosynthesis
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Glutamine & Asparagine from N2 fixation
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Mycobiome

b Endophytes and pathogens
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e Marine and aquatic fungi
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Peay et al., 2016

¢ Mycorrhizal root mutualists

Fungi are most commonly associated with terrestrial ecosystems, but can also be found
growing on nearly any substrate on Earth, from deep ocean sediments to the human scalp
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Mycobiome

Majority of fungal species are
saprotrophs that are capable of
decomposing complex polymers,
such as cellulose and chitin,
although individual species can
vary considerably in both the
substrates that they decompose
and the enzymatic pathways that
they use

In terrestrial and freshwater
systems, fungi can dominate the
decomposition of plant necromass

® Soil @ Aquatic
10.000- | © Plant @ Animal

Number of OTUs

I I I [ | I

4.0 4.5 5.0 2.9 6.0 6.5

Number of sequences (log, )

Peay et al., 2016
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Algal layer

https://courses.lumenlearning.com/microbiology/chapter/lichens/

Fungal hyphae

Rootlike connection
to substrate

A lichen is a mutualistic association between two dominant microorganisms, a fungus
(constant humid environment, scavenging limiting elements by lichen complex organic
acidic compounds), usually an ascomycete but many fungi (basidiomycete yeast) and

either an alga or a cyanobacterium (photosynthesis) but there are also archaea (B12 and
protection from toxic compounds)

Morphology of any given lichen is primarily determined by the fungus, and many fungi (more
than 18,000 named species) are able to form lichen associations

Diversity among the phototrophs is much lower, and thus many different kinds of lichens
have the same phototrophic partner, some N2 fixation

Lichen acids, complex organic compounds secreted by the fungus, promote the
dissolution and chelation of inorganic nutrients from the rock or other surface that are
needed by the phototroph

Fungus protects the phototroph from drying most of the habitats
Dry habitats, fungi tolerate better than phototrophs
The fungus actually facilitates the uptake of water

Lichens typically grow quite slowly

14
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Mycorrhizae

 Mycorrhizae are symbiotic relationship between plant roots and fungi in which nutrients are transferred in
both directions, ~450 million years ago

e QOver 80% of land plants (>250000 plant species), from the Greek words for fungus and root

e Fungus transfers inorganic nutrients—in particular, phosphorus and nitrogen—from soil to plant

e Plant transfers primarily carbohydrates to fungus

e Ectomycorrhizae, fungal cells form an extensive sheath (fungal mantle) around the outside of the root
with only a slight penetration into the root cellular structure (roots of forest trees, especially conifers,

beeches, and oaks, and are most highly developed in boreal and temperate forests) —> single species of
tree can form multiple mycorrhizal associations

Ectomycorrhizal mycelia to interconnect trees, providing linkages for transfer of carbon and other nutrients
between trees of the same or different species —> Nutrient transfer from well-illuminated overstory plants to
shaded trees is thought to help equalize resource availability, subsidizing young trees and increasing
biodiversity by promoting the coexistence of different species

e Endomycorrhizae, a part of the fungus becomes deeply embedded within cells comprising the root tissue,
very diverse, some are arbuscular mycorrhizae (AM colonize 70-90% of all terrestrial plants, including most
grassland species and many crop species)

[N assimilation Sucrose
by plant
Sucrose ==+ Hexose =
$ / Fungal carbon 3
Hexose ==+ Carbon Glutamine s NH,* NH,* Q
pool } Q
NH,* <=NH,* NH,* Urea <= Arginine I 3
NO3® NO, o
P; *= P P, Poly-P Poly-P 0
Intraradical t Extraradical :
mycelium } P, mycelium 8
\ Apoplast T ®
Organic P Py :
\\ Root cell Soil
Sugar from photosynthesis >

< Nutrients from soil
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Madigan et al. 2018

Nod & Myc Factors
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Nod & Myc factors are lipochitin oligosaccharides to which various substituents are bonded that
function as primary rhizobial /mycorrhizal signaling molecules triggering legumes/plant to develop
either new plant organs: root nodules that host the bacteria as nitrogen-fixing bacteroids to allow the
physical interaction with the mycelium and formation arbuscules inter-or intra-cellularly

a
Nodule ¢
formation £ 4
Nod factor
0% o N
) o0 Bacterium Root hair curling
FIavononds-——b( 9 061\ s § / Calcium Pre-infection Infection thread
Ve ‘ - /  spiking thu,ad :
NI\ © I NI\ © ]mu =
o o o o o| o I I il
o o o e) 1 o
i L | - J L i " JN\r&\ =
o % TR o X G QI L o X e} =T O]
b
Fungus K// ° .o ..MYC factor @) —Hyphopodium ({/l,
) = : ‘ e p
) (s f o : -
-“/( 1 ) pe S 9 ) f ~ Pre-penetration =29
F )\‘ / <—Smgolactonu 4_}3/\'7‘)(&’ |/ apparatus /'b\f'r// P4 AFDMscha

Oldroyd, 2013
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Mutualistic chemolithoautotrophs and
their animal hosts

Bobtail squid and Aliivibrio fischeri

17



Marine Invertebrates at Hydrothermal
Vents and Cold Seeps

In a dark and cold ocean—> no photosynthetic C fixation —>
chemolithoauto/heterotrotrophy

Hydrothermal vents with sharp contrasts in physical and ioo i i /M

| \
. - . ] \ Key microorganisms: | ‘f .'. i N y buoyant ¢ Bioti tal oxidati
chemical conditions between these various habitats and | | - Epsitonproteobacteria i g o BRI <5 il ecipitanion
L« SUPOS (Gammaproteobacteria) ] Key microorganisms: |
. . . . | | « SAR324 (Deltaprotecbacteria) J » SUPOS (Gammaproteabacteria) | .
their dynamic, extreme and geographically isolated nature ¥ - Aleromonas (Cammaproteobacteria) Jf |1 - SAR324 (Deltapioteobacteril M":’
} g 2 / * SAR11 (Alphaproteobacteria) MnO,
Ol

Hydrothermal fluids contain large amounts of reduced \ / \‘: ’
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(carbon monoxide), and some vents contain high levels \\ '\ /’/ /r
of ammonium (NH4*) instead of H2S; all of these are e -

x e
Ol
%
!
)( .‘ ‘ Riftia pachyptila
good electron donors for chemolithotrophs Enainmant .\ I (, / \ / B ..

o Recruitment of
-® symbiants from
environment
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o ) ) ) ) <‘ < [y il
Mutualistic chemolithotrophs are either tightly attached to [ AN ’2 \% F,{;‘,im  Epslonpratcobacens
- - - = - = "" ) ": NS .-'/‘ hottom water ‘ :
the animal surface (epibionts) or actually live within the i " t ; A Chimney l _ microorgenisrs (I
= - . . . -olonjzation = X surfaces A - 00
animal tissues, supplying organic compounds to the animals bydipening (SRR | ond pores W - !iii;“;:*:::i:’m'l‘::.“"“.--ﬁ;,;;’m
. . . 8 "
in exchange for a safe residence and ready access to the [ j Y \ § | ( :
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COz2/biomass e Do / \
» Aquificae * Epsilonprotecbacteria )
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——T '
/ * Epsilonproteobacteria
= Aquificales
* Methanogens
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*Energy is obtain from oxidation of reduced inorganic
—ep Seawater flux

Com pOU ndS ey Hydrothermal fluid flux (
---------- * Microbial connections

*Electron donor: reduced inorganic compounds B rhecmochemical gradint

*Carbon sources: inorganic or organic compounds

Dick, 2019
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Bobtail squid and Aliivibrio fischeri
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Bioluminescence

e Hawaiian bobtail squid, Euprymna scolopes, is a small marine invertebrate that harbors a large population of the bioluminescent gram-
negative gammaproteobacterium Aliivibrio fischeri (unique species) in a light organ located on its ventral side

e Bacteria emit light that resembles moonlight penetrating marine waters, and this is thought to camouflage the squid from predators that
strike from beneath

e Several other species of Euprymna inhabit marine waters near Japan and Australia and in the Mediterranean, w. Aliivibrio symbionts
e Transmission of bacterial cells to juvenile squid is a horizontal (environmental) rather than a vertical (parent to offspring) event

* Almost immediately after juveniles emerge from eggs, cells of A. fischeriin surrounding seawater begin to colonize them, entering
through ciliated ducts that end in the immature light organ, 2h

e Inlight organ, 108-10° cells
* Animal in some way recognizes and accepts A. fischeri cells and excludes those of other species, lose flagellum
* Nitric oxide produced by the squid repel other bacteria

e Squid matures into an adult in ~ 2 months and then lives a strictly nocturnal existence in which it feeds mostly on small crustaceans;
during the day, the animal buries itself and remains quiescent in the sand

e Each morning at dawn the squid nearly empties its light organ of A. fischeri cells and begins to grow a new population of the
bacterium

A. fischeri grows faster in the squid than in the ocean

A. fischeri quorum sensing —> light production

19



Gut microbiota - Termites and
Mammals



Termites

Microorganisms are primarily responsible for the degradation of wood and cellulose in
natural environments in tropical and subtropical

Degradation of lignocellulosic materials

Insect gut provides a protective niche for microbial symbionts, and in return, the insect
gains access to nutrients derived from an otherwise indigestible carbon source

Posterior alimentary tract of higher termites (most advanced, family Termitidae, ~3/4 of
termite species) contains a dense and diverse community of mostly anaerobic bacteria,
including cellulolytic species

Lower termites (primitive) harbor diverse populations of both anaerobic bacteria and
cellulolytic protists —> Bacteria of lower termites participate little or not at all in cellulose
digestion; only the protists phagocytize and degrade the wood particles ingested

Higher vs lower termites have diverse gut architecture

Gut is microbial bioreactor that efficiently converts polymeric substrates to acetate and
variable amounts of methane, with hydrogen as a central intermediate

Diverse food —> diverse gut microbiome (wood, fungus, soil)
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https://www.nature.com/scitable/content/structure-of-lignocellulose-14464273/

Structure of lignocellulose
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Structure of lignocellulose

The main component of lignocellulose
is cellulose, a beta(1—4)-linked
chain of glucose molecules.
Hydrogen bonds between different
layers of the polysaccharides
contribute to the resistance of
crystalline cellulose to degradation.

Hemicellulose, the second most
abundant component of
lignocellulose, is composed of
various 5- and 6-carbon sugars
such as arabinose, galactose,
glucose, mannose and xylose.

Lignin is composed of three major
phenolic components, namely p-
coumaryl alcohol (H), coniferyl alcohol
(G) and sinapyl alcohol (S).

Lignin is synthesized by
polymerization of these components
and their ratio within the polymer
varies between different plants, wood
tissues and cell wall layers.

Cellulose, hemicellulose and lignin
form structures called microfibrils,
which are organized into macrofibrils
that mediate structural stability in the
plant cell wall
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Termite gut

 Metanogenesis and reductive acetogenesis only in absence of Oz

e Within gut local conditions select for microbial communities

Lower termites

Wood-feeding
Reticulitermes flavipes
(Rhinotermitidae)

Higher termites

Wood-feeding
Nasutitermes corniger
(Nasutitermitinae)

Soil-feeding

Cubitermes spp.

(Termitinae) 3mm
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Brune, 2014
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a Cockroaches b Lower termites

Shelfordella lateralis Reticulitermes speratus

Coptotermes formosanus

Omnivorous

Wood-feeding

¢ Higher termites

Macrotermes gilvus Nasutitermes takasagoensis Termes comis

Fungus-feeding

Wood-feeding

Humus-feeding

. Elusimicrobia

. Others

. Fibrobacteres

B 1c3

. Spirochaetes
- Proteobacteria

. Bacteroidetes

. Firmicutes




Gut microbes-Mammals symbiosis

H -
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Gut microbiome has evolved strategy to utilize complex and insoluble polysaccharides (e.g. cellulose, beta-
glucose only unit)

Microbes have genes encoding the glycoside hydrolases and polysaccharide lyases required to decompose these
polysaccharides

Most mammalian species evolved gut structures that foster mutualistic associations with microorganisms

As anatomical differences evolved, microbial fermentation remained important or essential in mammalian
digestion

Herbivory has evolved many times in Mammals
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Sugar polymers
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Fermentation in
the gut

Foregut
fermentation
chamber

Acidic stomach

Small intestine

Large
intestine
(colon)

Madigan et al. 2018

Hindgut
fermentation
chambers
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Foregut fermenters Examples: Ruminants (photo 1), colobine monkeys,
macropod marsupials, hoatzin (photo 2)

Madigan et al. 2018

(1) Enlarged anoxic fermentation chamber
for holding ingested plant material

(2) Extended retention time —the time that
Ingested material remains in gut

A longer retention time allows for a longer
association of microorganisms with ingested
material and thus a more complete degradation
of plant polymers

Hindgut fermenters Examples: Cecal animals (photos 3 and 4), primates,
some rodents, some reptiles

Madigan et al. 2018




Madigan et al. 2018

Many chambers to maximize
energy

Food

-
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Anerobic bacteria dominate rumen
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Carbon budget

e Global emission ~ 37 Gt CO2 in 2019 (https://www.globalcarbonproject.org/carbonbudget/19/
highlights.htm)

e Livestock emission ~ 4.1 Gt CO2by FAO (http://www.fao.org/gleam/en/)

Plant cell wall Entestc Manure Manure Total Gigatonnes
} storage storage carbon dioxide
. A S — o methane nitrous oxide equivalents
.o..ox!ooc‘ar,‘o‘gggoccoqoQQQ.!‘/' RO OO0 91% 3% 6%
2O00OODOOOCO0OOO00OOOOTHHRALD 00O ROO0000OOOSBH00CO0000 00000 itring s o 1.8 (45%)
2000000000000 OMMONNNCO OoOOOOOOOOOOOOQOQQQQ N F i y iy
n e Beef cattle = . z “ - “ -
/ l Ruminococcus Fibrobacter | \ 85% 8% 7%
Solubilized Solubilized m S, MW, W, 1 (26%)
oligosaccharides / \ oligosaccharides Dairycattie = f: ) = S=u® =
and polysaccharides Formate, Succinate and polysaccharides 91% 2% 1%
hydrogen and Wy, Wy, Wy, 0.5 (12%)
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Bultaions S s Setl = ) =
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Flint et al., 2008
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HUMANS



ADb Initio

Prior 1983, knowledge based on culturable gut bacteria only
and gut was considered as pretty axenic place

Humans are humans
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What is a human being?

Bacterial Microbiota: Fungal Microbiota:
1013_1014 1012_1013

(Bacteriome) (Mycobiome)

e Complex ecosystem

e Cross-Domain and Viral Interactions

Human Microbiota
and Macrobiota

Helminths: Viral Microb1isota:
0-10% 10'4-10
ROwan-NaSh et al., 2019 (MacrObiota) (Virome)
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Microbes on/in Humans

Major questions:
e Do individuals share a core human microbiome?

e |sthere a correlation between the composition of microbiota colonizing a body site
and host genotype?

e Do differences in human microbiome correlate with human health?

* Are differences in the relative abundance of specific bacterial populations important to
either health or disease?

Now we now:
Microbial community (1) competes for and generates nutrients, (2)

influences and is shaped by the host innate and adaptive systems, and
(3) protects against and also triggers acute and chronic disease
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Main Taxonomic Groups of the Human Gut
Microbiome and the Domain/Kingdom Level

Bacteria:
10* cfu g* faeces,
27% of stool dry mass,
~4x10* (~0.2 kg) total &

~93% of total DNA,
(Sender et al., 2016)

Shkoporov and Hill, 2019

Archaea:
10° - 10" cfu g™ faeces,
~0.8% of total DNA
(Wampach et al., 2017)

« Humans are microbial zoos
« Humans and microbes are interconnected for life
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Human-microbes association

Microbiome: functional collection of different microbes in a particular environmental
system

Skin
Left and right
retroauricular crease

Human microbiome formed by different microbiota (i.e. organisms living in a specific
environment)

, Airways
"\ Anterior nares

Human holobiont and found an approximate ratio of only 1:1 of bacterial to human
cells (Senders et al., 2016)

Oral
Attached gingivae

Hard palate
Throat
Palatine tonsils

Total number of gut bacteria of today’s human population is between 3 x 1023 and 5 x
1023, dental plaque: 8 x 1021 cells, skin:1 x 1021 cells

Tongue dorsum
Buccal mucosa

Supragingival plaque

Subgingival plaque
c Saliva
Skin
Gastrointestinal Left and right
antecubital fossa
5 (WGS) Gut
(WGS) Feces
X _
-t Vagina
V. Posterior fornix
; Mid vagina
o Vaginal introitus
a
Madigan et al., 2018
What about viruses?

PC1 (13%)

The Human Microbiome Project Consortium, 2012 34



Epigenetics 101

- The word “epigenetics” was originally coined by Conrad Waddington in 1942, referring to
how genotypes give rise to phenotypes during development

Now we refer as the study of phenomena and mechanisms that cause chromosome-
bound, heritable changes to gene expression that are not dependent on changes to
DNA sequence (Deans and Maggert 2015)

- In Humans, gene expression is regulated prior to transcriptional initiation by the chemical
modification of DNA or the histone proteins that together form chromatin

------------ R

Epigenetic modulation ( Physiological homeostasis
of genes J
[Commensal mlcroblota S ' N
e MeMe Mede Adaptatlon to
[ Pathogenic bacteria ] ______ M | _environmental changes J
Vlruses ------------ Protective response i
_to pathogens y
[Air pollution ] , :
\ Disease susceptibility

[Tobacco smoke ] -------- »>

Takahashi, 2014
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Epigenetic modifications of chromatin by
DNA methylation and histone acetylation

model of the basic epigenetic modifications nucleosome Ac

chromosome 7
’F'

chromatin
{complex of DNA

and histones) condensed chromatin

gene “switched off”
M silent {(condensed) chromatin
- mathyiated cytosines

- deacetyiated histones

/ ' “.: fi ﬂ
‘ : ANA pol II On
open chromatin awilehad aa
A gene "swilched on
- active (open) chromatin
ANA - unmethylated cytosines
- acetviated histones

DNA 1 - v
| o Y (11 | N/ric/H N/Hz/w
Vilcinskas, 2015 JURGESRge.l) _ UUNBBSNES) AAE T OJC\N/@
NIl E I G I | | @ K‘I G @& . VI DNA methylation Y
DNA (unmethyiated) DNA (methylated) cytosine 5-methylcytosine

- Methyl group transfer to cytosine —> 5-methylcytosine (m5C) pairs with guanosine
- m5C has different interactions with regulatory proteins
- Chromatin structure depends on net charge of core histones

- Acetyl groups promoting formation of open and accessible euchromatin vs deacetylation
promoting the formation of compact and inaccessible heterochromatin
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aDNA: Reconstructing ancient genomes and epigenomes

Date range of methods
| |

2013 2014 2015 2016
|

2006 2007 2008 2009 201 2011 2012
| L 1 _1] |

S

Whole-genome in-solution capture’®

Whole-chromosome target enrichment’”’

Microarray-based target enrichment’?

Tp] L
§  In-solution target enrichment; PCR probes’®
- Primer extension capture®®
E I Selective uracil enrichment®8
g : ssDNA library16.56
'g | Extraction of ultrashort DNA fragments®!
g | True single-molecule DNA sequencing (Helicos)*
o High-throughput DNA sequencing
13-Mb-long mammoth Mammoth Methylomes?? i
DNA (454)°2 proteome Methylome and nucleosome maps**
0.7x mammoth genome (454)° 6.8% Iceman 52x Neanderthal genome (Illumina)? aDNA studies
16x Paleo-Eskimo genome (Illumina)* ?seonfig(;lf' 400,000-year-old mitochondrial genomes**2 ::ﬁl‘i’::g::
1.3x Neanderthal genome (454 and Illumina)® 1.1x 700,000-year-old horse genome (lllumina and Helicos)*’

113

30x Denisovan genome (lllumina)'®’' 'Maize kernel transcriptomes

Figure 1 | Major advances in ancient genomics. The major methodological advances described in this Review are
presented with respect to milestones in paleogenomics, including whole-genome sequencing and the characterization of
transcriptomes, epigenomes and proteomes. Average genome fold-coverage (x) and sequencing platforms are indicated
where applicable. aDNA, ancient DNA; ssDNA, single-stranded DNA.

- Typical ancient DNA molecules: diverse range of degradation reactions affect DNA post-mortem and result
in extensive fragmentation (preferentially at purine nucleotides) and base modifications

Most common base maodification identified in high-throughput sequencing data sets is deamination of

cytosines into uracils (red), or thymines (blue) when cytosines were methylated (MC) —>deaminations occur
much faster at overhanging ends

Other modification: abasic sites and single-strand breaks



Bacteria manipulate host gene
expression during infection, |

scriotion * Immune specific  transcription
factors transcription elongation
factors factors

‘ 3 5' capping
— (3) splici L
— < A S i

Bacteria evolved many strategies to survive and persist within host cells
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Bacteria manipulate host gene
expression during infection, |l

el
e ————

mRNA degradation | E. coli

H. pylori

M. tuberculosis
mRNA stabilisation
(1) initiation Leishmania

L. pneumophila
(12) elongation L. pneumophila

P aeruginosa

(13) protein activation E. coli
S. flexneri
S. typhimurum

(14) protein degradation | B. abortus
L. monocyctogenes
L. pneumophila
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Influences of environmental factors on histone
acetylation and methylation via micro biome

g

Hypoxia
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Dai et al., 2020 40
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Dietary fat
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Alcohol "
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S-adenosylmethionine (SAM) and
acetyl-CoA, that are used by
histone methyltransferases (HMTs)
and histone acetyltransferases
(HATS)

The activity of histone
demethylases (HDMs) is
supported by a-ketoglutarate
(aKG), which can be derived from
dietary glutamine, and is inhibited
by the limited oxygen availability
during hypoxia

Ketone bodies and short-chain
fatty acids (SCFAs) such as
acetate, propionate and butyrate
can provide acyl-CoA precursors
for histone acylation, while also
directly inhibiting the activity of
histone deacetylases (HDACS)



Sanchez-Romero & Casadesus, 2020

Box 1| The epigenomes of eukaryotes and bacteria

* In eukaryotes, epigenetic modification of the genome involves DNA methylation’
and histone modification®. Bacteria lack histones, and epigenetic control relies on
DNA methylation only®.

* In eukaryotes, de novo and maintenance forms of DNA methylation are performed
by separate enzymes’. Bacterial DNA methyltransferases have both de novo and
maintenance activities’’.

* |n eukaryotes, two main mechanisms exist to erase DNA methylation marks: active
demethylation by dedicated proteins (Tet enzymes), and passive demethylation by
the hindrance of DNA methylase activity upon DNA replication™. In bacteria, DNA
demethylation is usually passive®, and the relevance of active demethylation by
DNA repair remains to be evaluated®.

* In both bacteria and eukaryotes, transcriptional repression