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Largest biogeochemical 

nexus between land, the 

oceans and atmosphere

Span multiple catchments 

and biomes

High biodiversity

Provide critical ecosystem 

services (e.g., drinking 

water, proteins, 

hydropower)

The superlatives 

of rivers
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The microbe is so very small,
you cannot make him out at all,
but many sanguine people 
hope to see him through
the microscope . . .” 
(Hilaire Belloc)

Robert Koch 
(1843–1910)

Louis Pasteur
(1822–1895)

Antoni van 
Leeuwenhoek
(1632-1723)

Sergei Winogradsky
(1856-1953)

microbiology of 
natural biotopes



Most microbes life attached to surfaces!











Drescher et al. 2013 PNAS



Drescher et al. 2013 PNAS



cooperation and competition shape
biofilm structure

Coyte et al. 2016 PNAS



Highmore et al. 2022



In streams and rivers, biofilm communities are highly
complex /diverse and perform important ecosystem
functions (e.g. metabolism, water purification, retention
of nutrients, cylcing of elements, …





the small scale…

Microfluidics is a powerful
tool to study biofilms under
controlled conditions.

Biofilm structure (e.g. 
streamer formation) can help 
microbes colonize porous
substrates.

Architectural plasticity allows
a maximization of carrying
capacity.



Biofilm colonization can enhance/lead to the
formation of preferential flow paths in porous
environments.

Motile bacteria can escape these trajectories



Interactions between biofilm structure 
and small-scale hydraulics lead to 
different biofilm morphologies



Biofilm morphology, local hydraulics
and the diffusion of oxygen shape the 
micro-meter scale 3D structure of 
complex phototrophic biofilms.

slow flow

fast flow



take home messages

• Most microbes prefer a sessile (attached) lifestyle -
embedded in complex biofilm communities

• The biofilm matrix enables the attachment of cells,  
provides physical stabiliy, protection and captures 
nutrients

• River biofilms are highly diverse, the microbes in these
communities drive important ecosystem functions

• The flow of water, the diffusion of oxygen and 
nutrients shape biofilm morphology



the ecosystem scale



Vanishing Glaciers Project
How does glacier retreat affect microbial communities 
in glacier-fed streams?

w w w. g l a c i e rs t r e a m s . c h



24Rhone glacier





turbidity

extreme
environment

low temperature

unstable substrate

oligotrophic

UV radiation

carbon sources

windows of 
opportunity



from the field…



to the lab…



to the computer…



16S rRNA gene



Dataset ● ● ●MTG PP1 PP2 Sample n. 1 10 100 Cryosphere No Yes

B

A

C

Dataset ● ● ●MTG PP1 PP2 Sample n. 1 10 100 Cryosphere No Yes

****

****

****

0.0

0.5

1.0

b
 −

S
o

r.
 P

D

****

****

****

0.0

0.5

1.0

C
ry

o
−

C
ry

o

C
ry

o
−

O
th

e
rs

O
th

e
rs
−

O
th

e
rs

b
 −

S
o

r.
 P

D

****

****

****

0.00

0.25

0.50

0.75

1.00

b
 −

M
N

T
D

****

****

****

0.00

0.25

0.50

0.75

1.00

C
ry

o
−

C
ry

o

C
ry

o
−

O
th

e
rs

O
th

e
rs
−

O
th

e
rs

b
 −

M
N

T
D

D

GFS microbiomes are composed of different microbes as 
compared to other cryospheric ecosystems.

The retreat of glaciers will impact this unique biodiversity.



The vanishing of glaciers results in 
“greening” of GFS – with important 
consequences for microbial 
ecophysiology.



Despite the harsh conditions GFS 
microbial communities are highly
diverse.

Across the world, GFS microbiomes are 
structured by spatial distance, 
regionality and environmental
selection.

The selective environment (e.g. low
nutrient availability=oligotrophy, cold 
temperature, unstable streambed) is
similar in GFS around the world.



Extreme environmental conditions select for phylogenetically 
related clades. These clades can regionally diversify and become 
microdiverse.



Metagenome-Assembled Genomes (MAGs)

Functional potential, phylogeny, 



Mapping the metagenomic diversity of the multi-kingdom 
glacier-fed stream microbiome
Gregoire Michoud, Hannes Peter, Susheel Busi, Massimo Bourquin, Tyler Kohler, Aileen Geers, Leila 
Ezzat, Tom Battin

Many microbes in GFS encode similar/same functions => 
functional redundancy (provides «insurance» in unstable
habitats)

Chemolithoautotrophy and mixotrophy are important in 
GFS

in press



Caudovirales

Myoviridae Siphoviridae

PodoviridaeAutographiviridae

Studies on viruses in stream biofilms are scarce – metagenomics
(viromics) allows first insights into their diversity.

Stream biofilm viral communities are highly diverse.

Viral and bacterial community composition is coupled (correlated).



Viruses (phages) in aquatic ecosystems

Huang et al. 2024 Trends in Microbiology



phage-biofilm 
interaction studies 
are dominated by 
work on phage 
therapy

viruses and biofilms

Pires et al. 2017



phages in extreme environments

Huang et al. 2024 Trends in Microbiology



sample-to-sequence 
pipeline



Viruses specific to bacteria
living in glacier-fed streams
carry beneficial genes
(auxiliary metabolic genes)



Climate-change experiments

Microbial communities 
act as sentinels of climate 
change.



Microbial communities
respond very sensitively to 
simulated climate change.



take home messages
• Alpine cryospheric and freshwater ecosystems are important water resources –

threatend because of climate change

• Molecular tools allow insights into the diversity, distribution and functioning of 
complex microbial communities

• Despite the harsh environmental conditions, GFS harbor a high degree of microbial
diversity

• The selective environment favors few, well-adapted groups of bacteria – they are 
microdiverse

• Regionality and spatial processes (dispersal limitation, isolation) shape the global GFS 
biodiversity

• Viruses are still understudied in stream biofilms but may be benefitial to their
bacterial hosts

• The unique biodiversity of GFS is particularly affected by climate change because of 
the vanishing of glaciers and the greening of alpine streams

• Global-change experiments allow mechanistic insights into the responses of microbial
assemblages to change 45


