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CO2

CH4

Healthy Ocean <—> Functioning Ocean

Functioning Ocean <—> Functioning C biogeochemical cycle

Azam and Malfatti, 2007 Nature Reviews Microbiology 10:782 
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Munn, 2020 
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Microbial energy generating metabolic 
pathways shaping Earth ecosystem 

Madigan et al. 2018 



Microbial diversity and metabolic 
pathways to survive in the environment

Jelen et al. 2016
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Microbial energy generating metabolic 
pathways shaping Earth ecosystem 

Madigan et al. 2018 
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Metabolic pathways evolved to utilize available substrates produced as end products of other types of microbial 
metabolism, either by modification of existing metabolic pathways or by using established ones in reverse 

A, ammonification; AP, anoxygenic photosynthesis; AR, aerobic respiration; AU, autotrophy; D, 
denitrification; Exox, other elements oxidation; Exred, other elements reduction; H, heterotrophy; M, 
methanogenesis; MO, methane oxidation/methanotrophy; N/AO, nitrification/ammonia oxidation; NF, 
nitrogen fixation; OP, oxygenic photosynthesis; SDO, sulfide oxidation; SO, sulfur oxidation; SR, sulfur 
reduction; STR, sulfate reduction

Oxidative reaction

Reductive reaction

Integrative approach
Jelen et al. 2016
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https://www.genome.jp/
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Growth in a few words
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Azam & Ammerman, 1984 



Adaptive strategies of microbes 
in the ocean
•Hydrolysis-uptake coupling: permease and 
ectoenzyme 

•Two-component system: chemoreceptors
•Motility
•Quorum sensing 
•Biofilm
•Genome architecture (next time)
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• Motility, environmental sensing, permeases and cell-surface hydrolases 

• Adapted fine biochemical strategies to interact with organic matter natural and human-created

Adaptive strategies of heterotrophic bacteria in 
the ocean

Azam and Malfatti, 2007 Nature Reviews Microbiology 10:782
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by Farooq Azam



Hydrolysis-uptake coupling: permease and 
ectoenzyme 

Spatial coupling to optimize growth

Compared to steady environments of equal 
average concentration, fluctuating 
environments reduce growth rate by up to 50%
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Km (substrate concentration required for half-maximal activity)

The rate of the reaction approaches the maximum velocity (Vmax) 



14

Microbial adaptations to increase 
uptake of molecules 
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Microbial interfaces, the membranes as hotspots of activities 

High-concentration

Low-concentration



Uniporters, symporters and antiporters
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Uniporter: Cause unidirectional 
transport (through membrane 
spanning protein)

Symporter: Transport substrate 
along with H+ (or Na+)

Antiporter: Substrate and H+ (or 
Na+) transported in opposite 
directions

[Require PMF, Proton Motive Force] 

Periplasmic space Cytoplasm



Riemann and Azam, 2002
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Microbes can modulate uptake kinetics

• Low-Flux and High-Flux systems to use 
patchy DOM


• Eadie-Hoftsee plot of NAG uptake data for 
isolate JSL 12-2 (γ-Proteobacteria) —>  N-
acetyl-D-glucosamine (NAG)


• Microbes perceive substrate gradients in the 
environment


• Glucose and C-AMP have multiphasic uptake 
systems



Norris et al., 2021
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Copiotrophs vs. Oligotrophs
While prototypical copiotrophs, like Vibrios, possess numerous 
phosphotransferase systems (PTS), prototypical oligotrophs, such as 
SAR11, lack PTS and rely on ATP-binding cassette (ABC) transporters, 
which use binding proteins
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Microbes display wide range of enzymatic 
activities

• Digestion: Ectoenzymes (Protease, Lipase, Nuclease, Phophatase, Glucoside)

• Ectoenzymes: cut at the periphery of the molecules not `endo’ cut

• Substrate specificity

• Adaptation for bacteria-POM interaction —> microbial biochemical pressure on POM and DOM

• Inhibited by monomers and building blocks

• Diverse microbes diverse speed of processing organic matter 

• Cell surface hydrolases: 102-104 x variability in cell-specific activity

Martinez et al., 1989
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Microbes use structurally-selective extracellular enzymatic 
strategies for high molecular weight DOM fraction



DOM size and reactivity
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Actively photosynthesizing marine 
phytoplankton generate exometabolites 
(metabolites released into surrounding 
seawater) that form a pool of carbon 
named ‘extracellular release’ or 
‘dissolved primary production 


Green arrows indicate substrate 
metabolites derived from primary 
production, whereas brown arrows 
indicate those from secondary production

Hydrolysis into monomers

Moran et al., 2022



Two-component system: chemoreceptors
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Two-component signal transduction systems are a

predominant means by which microbes respond to

their environments


• Receptor histidine kinase that senses a specific

signal and translates that input into a desired

output through the phosphorylation of its

cognate response regulator


• Strategy for coupling changes in the environment

to changes in cellular physiology


• Cognate histidine kinases and response

regulators coevolve to maintain their interaction

and to avoid cross-talk with other pathways
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http://book.bionum
bers.org/w

hat-are-the-absolute-num
bers-of-signaling-proteins/

Microbial signaling network



24



25



26



27



28



29



30



31



32



33



34

I



35



36

C
ol

in
 e

t a
l. 

20
21

• Two prominent types of bacterial fagellar motility patterns, run-tumble and run-reverse-flick 
swimming


• Both types of swimming lead to effective diffusion in homogeneous environments and get 
biased by the chemotaxis pathway to climb up physicochemical gradients

Chemotactic behavior



• Chemotactic response to time varying concentration profiles that could result from 
diffusive spreading of attractant patch needs to balance rapid gradient climbing and 
localization at the peak


• Higher swimming velocity expands sensitivity range of bacterial chemotaxis, 
particularly in shallow gradients (right), but incurs additional energetic costs

Trade-offs in chemotactic behaviour
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• Motility and nutrient uptake are regulated antagonistically with biosynthetic machinery 
dependent on the nutritional quality of the carbon source


• During growth in poor carbon sources (left), motility is upregulated in proportion to potentially 
higher advantage provided by chemotaxis towards sources of additional nutrients (search 
strategy)


• In rich carbon sources(right), motility is downregulated to enable higher investment into 
biosynthetic machinery (growth strategy)
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Regulation of chemotaxis
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Quorum Sensing, I

• Quorum sensing (QS) is a process 
of bacterial cell-to-cell chemical 
communication

• Production, detection, response to 
extracellular signalling molecules: 
autoinducers (AIs)

• Quorum sensing allows groups of 
bacteria to synchronously alter 
behaviour in response to changes 
in the population abundance and 
species composition of the vicinal 
community

• “Quorum” means “sufficient 
numbers” 

AI

Costitutive 
expression

AI
AI

QS controlled 
expression

Madigan et al. 2020 
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Quorum Sensing, II

• QS is global regulatory control 

• QS present in Gram -, Gram + and Archaea

• Many Bacteria respond to the presence in their 
surroundings of other cells of their own species, 
and in some species, regulatory pathways are 
controlled by the cell abundance of their own 
kind

• QS is regulatory mechanism that assesses 
population abundance—> successful coordinate 
expression at population level (not necessarily 
entire population)

• Individual <—> coordinated group behaviour

AI

Costitutive 
expression

AI
AI

QS controlled 
expression

Madigan et al. 2020 
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INTRA-INTER SPECIES 
COMMUNICATION

Pereira et al., 2012 42



INTRA-INTER SPECIES 
COMMUNICATION

Pereira et al., 2012 43



INTRA-INTER SPECIES 
COMMUNICATION

Pereira et al., 2012
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Sporulation

DNA uptake



Biofilm habitat

Flemming & Wuertz,  2019

Most or all cells form biofilms !
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Biofilm
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Boudarel et al., 2018

• Cells with suspended lifestyle, called planktonic growth vs sessile cells —> attaching on 
surfaces and forming biofilm 

• A biofilm is an attached polysaccharide matrix containing embedded bacterial cells 

• Some biofilms form multilayered sheets with different organisms present in the individual 
layers: microbial mat (phototrophic and chemotrophic bacteria in hot spring outflows, in 
marine intertidal regions)

• DNA, protein and sugar: very viscous ad dynamic



QS in the microenvironment

Flow networks with crevices or pores: the small intestine of mice (image courtesy of A. Ismail) (i), tooth cavities (image 
courtesy of W. Lee) (ii), corrugated industrial pipes (iii) and cracks in rocks (iv)

Scale bars, 120 μm, 10 mm, 2 cm and 5 cm

• Residence time of AIs is 
key for QS 

• Flow conditions interferes 
with QS —> washing AI  

• Biofilm vs free-living 
microbes 

• Other microbes can 
respond/ produce INTRA-
SPECIES AIs 

• Host can produce AIs
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Staphylococcus aureus: Red, 
QS-off cells (costitutive plasmid), 
Yellow, QS-on cells (QS control 
plasmid) 
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Biofilm in sum

Flemming & Wuertz,  2019
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