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1. Introduction. Growth strategies
Main resources
• Energy (photons, e- donors)  Photo- & Chemo- trophy
• e- and H+ donors (organic, inorganic)  Organo- & Litho- trophy
• Carbon (organic, inorganic)  Hetero- & Auto- trophy

Nitrosopumilus adriaticus NF5. Bayer B., et al. 2015

• Ammonia oxidising archaea (AOA). Class Nitrososphaeria.
• AOAs are among the most abundant organisms on Earth!
• Major contributors of the greenhouse gas nitrous oxide N2O.

Chemo litho auto –troph AOAs can also be heterotrophic!

Energy & e- source: NH3

C source: CO2, CO, HCO3
-
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1. Introduction. Growth components

• Carbon source
• Nitrogen source
• Other macronutrients: S, P, K, Mg.
• Micronutrients: Fe, Mn, Co, Cu, Zn, Ni, Na.
• e- donors: 

• Inorganic (H2, NH4
+, NO2

− , H2S, Fe2+)
• Organic (glucose, acetate, propionate, chitin, lignin, proteins...)

• e- acceptors: O2, NO3
-, SO4

2-, Fe3+.
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1. Introduction. Growth conditions

Microbial life can thrive in an extremely wide range of conditions, some 
of the main community drivers are:
• Temperature
• Water activity
• pH
• O2

• Light
• Salinity

4Liu L., et al. 2021



1. Introduction. Biogeochemical systems

• Microorganisms are the backbone of all ecosystems.
• Microbial processes are critical to maintain a balanced ecosystem by 

facilitating nutrient cycling.
• Many ecosystems function without macroorganisms, but none do without 

microorganisms.

• Microorganisms play a critical role in energy transformations and 
biogeochemical processes that result in the recycling of elements.

• Biogeochemical cycles (incl. nutrient cycles) are the cyclic transformation of 
chemicals between their chemical forms. Often via redox reactions.
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1. Introduction. Sinks and sources

• Sinks are anything that absorbs more than emits any given nutrient.
• Sources are anything that emits more than absorbs any given nutrient.
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2. Key microbial processes in the environment

Carbon cycling
• Flow of carbon through all of Earth’s major reservoirs.

• Atmosphere, land, oceans, freshwater, sediments, Earth’s crust, rocks, biomass.
• Reservoir size and turnover time are important in understanding the cycles.

All nutrient cycles are linked to the carbon cycle, but the nitrogen (N) 
link is particularly strong.

• C, N and H2O constitute the bulk of living organisms.
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2. The Carbon cycle I
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Presenter Notes
Presentation Notes
The carbon and oxygen cycles are closely connected, as oxygenic photosynthesis both removes C O2 and produces O2, and respiration both produces C O2 and removes O2. The accompanying table shows that the greatest reservoir of carbon on Earth is in rocks and sediments, and most of this is in inorganic form as carbonates.

The major carbon reservoirs on earth are as follows.
Reservoir, percent of total carbon, 76 times 10 to the 15 tons
Rocks and sediments, 99.5, 80 % of which is inorganic.
Oceans, 0.05
Methane hydrates, 0.014
Fossil Fuels, 0.006
Terrestrial biosphere, 0.003
Aquatic biosphere, 0.000002



2. The Carbon cycle II
Carbon reservoirs
• Earth’s crust, rocks and sediments are the largest C reservoir. However, CO2 in the 

atmosphere is the most rapidly transferred one.
• CO2 is removed (mobilised) from the atmosphere by photosynthesis.

• Necromass is the total mass of dead organic material. Microbial necromass 
contributes significantly to soil organic matter (SOM) and accelerates C and N 
cycling. Necromass contains more C than the living organisms of a region.

• The viral shunt is the process that funnels dissolved organic matter (DOM) from 
viral cell lysis of host cells directly into the microbiome.

9



2. The Carbon cycle III - Viral Shunt
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Breitbart M., 
et al. 2018

Other recommended 
reading: 
Gao Y., et al. 2022

https://www.frontiersin.org/journals/public-health/articles/10.3389/fpubh.2022.858615/full


2. The Carbon cycle IV – carbon turnover
• CO2 is returned to the atmosphere by respiration and decomposition as well as by 

human-related (anthropogenic) activities.

• Since the Industrial Revolution, human (anthropogenic) activities have increased 
atmospheric carbon by 40 percent.

• Microbial decomposition is the largest source of CO2 

released to the atmosphere.
Microbial activity also generates the Microbial Carbon Pump 
(MCP) “microbial transformation of organic carbon from 
labile to refractory states” 
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LDOC RDOCMCP

Wagner S., 
et al. 2020

Other recommended reading: Haowei W., et al. 2024 & Nianzhi J., et al. 2024

Presenter Notes
Presentation Notes
Labile dissolved organic carbon (LDOC)
Recalcitrant dissolved organic carbon (RDOC)
RDOC constitutes a very important C reservoir as it mobilises C from the ocean reservoir (the largest active carbon reservoir)

https://www.sciencedirect.com/science/article/pii/S0048969723072558
https://www.nature.com/articles/s41579-024-01018-0


2. The Carbon cycle V 

• The rise in carbon dioxide has led to steadily increasing temperatures worldwide 
(global warming) because CO2 is a greenhouse gas (GHG).

• Phototrophic organisms produce organic or fixed carbon and reduce the level of 
CO2 in the atmosphere

• Oxygenic phototrophic organisms can be divided into two groups: plants and 
microorganisms

• Plants dominate terrestrial environments.
• Microorganisms dominate aquatic environments.
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2. The Carbon cycle VI
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• Photosynthesis and respiration are part of redox cycle.
• Photosynthesis reduces inorganic CO2 to organic carbohydrates C(H2O)

• Respiration oxidises organic carbohydrates to inorganic CO2

2 2 2 2(CO H O  CH O  ) O+ → +

2 2 2 2(CH O   O CO H)  O+ → +

• The two major end products of decomposition are methane (CH4) and carbon 
dioxide (CO2).

• CH4 is a potent greenhouse gas and is produced anoxically (or oxygen-free).
• Most methane is converted to CO2 by methanotrophs; however, some enters 

the atmosphere. Methane is a more potent GHG than CO2.
• Most methanogens use CO2 as e- acceptor and H2 as donor. The reduction of 

CO2 with H2 yields CH4. Some methanogens use other substrates (e. g., 
acetate)



2. The Carbon cycle – Anoxic decomposition

14

Syntrophy: Two or more 
microorganisms cooperate to 
perform a metabolism that they 
can’t do on their own (e. g. sharing 
intermediates, H2, e-, etc.)

Presenter Notes
Presentation Notes
In anoxic decomposition, various groups of fermentative anaerobes cooperate in the conversion of complex organic materials to CH4 and CO2. This pattern holds for environments in which sulfate-reducing bacteria play only a minor role; for example, in freshwater lake sediments, sewage sludge, bioreactors, and the rumen.

Complex polymers such as cellulose, other polysaccharides, proteins, lipids, nucleic acids are broken down by Hydrolysis by cellulolytic and other polymer degrading bacteria into monomers. Monomers such as sugars, amino acids and fatty acids are broken down by fermentation by primary fermenters into H2 and CO2, acetate, and Propionate, Butyrate, Succinate, and Alcohols. H2 and CO2 are converted into Acetate by acetogenesis. Propionate, Butyrate, Succinate, and Alcohols are broken down by H2 and CO2 and Acetate by syntrophy. Acetate is broken down by Methanogens into CH4 and CO2.



2. The Carbon cycle VIII – redox of cycle for C
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Presenter Notes
Presentation Notes
The diagram contrasts autotrophic processes (CO2 → organic compounds) and heterotrophic processes (organic compounds → CO2).

In oxic environments, CO2 yields organic matter C H2 O (carbohydrate) in a reduction reaction during chemolithotrophy and oxygenic photosynthesis, and the organic matter yields CO2 in a oxidation reaction during respiration. In anoxic environments, CO2 yields organic matter C H2 O (carbohydrate) in a reduction reaction during acetogenesis and anoxygenic photosynthesis, and the organic matter yields CO2 in an oxidation reaction during anaerobic respiration and fermentation. During syntrophy assisted methanogenesis, C H2 O (carbohydrate) yields CH4 in a reduction reaction. CH4 yields CO2 in a oxidation reaction during methanotrophy. CO2 also yields CH4 in a reduction reaction during methanogenesis.



2. The Carbon cycle IX – Methane hydrates

• Methane hydrates form when high levels of methane are 
under high pressure and low temperature.

• Huge amounts of methane are trapped underground as 
methane hydrates.

• e.g., beneath the permafrost in the Arctic and in marine 
sediments.

• Methane hydrates can absorb and release methane.
• Methane hydrates fuel deep-sea ecosystems called cold seeps.

16

Ward C. H., et al. 2027



3. Coupled cycles I 

• In nature, nutrient cycles are interconnected and feed back upon one another.

• Major changes in one cycle affect the functioning of other cycles.

• For example, the rate of carbon fixation and plant growth is often limited by the 
available nitrogen. This is why adding nitrogen to farm fields will increase yield.

• The carbon cycle and the nitrogen cycle are very closely coupled.

17



3. Couple cycles II 
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Presenter Notes
Presentation Notes
All nutrient cycles are interconnected, but the carbon and nitrogen cycles are intimately coupled. In the carbon cycle, CO2 supplies the C for carbon compounds. The N cycle supplies nitrogen for many biological compounds.

High denitrification decrease primary production and nitrification increase NO3- and primary production. Low NH4+ decreases primary production. High organic carbon will increase N2 fixation while low organic carbon will decrease it.




4. The Nitrogen cycle I

• Nitrogen is a key component of cells.
• Nitrogen has a wide range of oxidation states (-3 to +5).
• There are four major nitrogen transformations.

• Nitrification
𝑁𝑁𝑁𝑁4

+→ 𝑁𝑁𝑁𝑁2
−→ 𝑁𝑁𝑁𝑁3

−

• Denitrification
𝑁𝑁𝑁𝑁3

−→ 𝑁𝑁𝑁𝑁2
−→ 𝑁𝑁𝑁𝑁 → 𝑁𝑁2𝑂𝑂 → 𝑁𝑁2

• Anammox
𝑁𝑁𝑁𝑁4

+ + 𝑁𝑁𝑁𝑁2
− → 𝑁𝑁2 + 2𝐻𝐻2𝑂𝑂

• Nitrogen fixation
𝑁𝑁2 + 16𝐴𝐴𝐴𝐴𝐴𝐴 + 16𝐻𝐻2𝑂𝑂 + 8𝑒𝑒 − + 8𝐻𝐻 +→ 2𝑁𝑁𝐻𝐻3 + 𝐻𝐻2 + 16𝐴𝐴𝐴𝐴𝐴𝐴 + 16 𝑃𝑃𝑃𝑃

19

Nitrogen Fixing Bacteria / Archaea Nitrification

Nitrifying
Bacteria / Archaea

Denitrifying 
Bacteria / Archaea



4. The Nitrogen cycle II – Redox cycle of nitrogen
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Presenter Notes
Presentation Notes
Comammox (Complete ammonia oxidation). This bacteria can fully transform Ammonia to nitrate (usually done in two steps by two different organisms).
The complete anammox reaction is shown in the previous slide. D N R A, dissimilative nitrate reduction to ammonia.




4. The Nitrogen cycle III – Reservoirs & mobility 
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• N2 is the most stable form of nitrogen and is a major reservoir. It 
constitutes approximately 70% of Earth’s air.

• Only a few prokaryotes can use N2 as a nitrogen source. They convert 
inorganic N2 to organic nitrogen through nitrogen fixation (energy-intensive).

• Denitrification reduces nitrate (NO3
-) to gaseous nitrogen products (N2) and is 

the primary biological N2 production mechanism.

• Ammonia (NH3) produced by nitrogen fixation or ammonification can 
be assimilated into organic matter or oxidised to nitrite (NO2

-), and 
then nitrate (NO3

-).

𝑵𝑵𝟐𝟐 + 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 + 𝟏𝟏𝟏𝟏𝟏𝟏𝟐𝟐𝑶𝑶+ 𝟖𝟖𝟖𝟖 − + 𝟖𝟖𝟖𝟖 +→ 𝟐𝟐𝑵𝑵𝑯𝑯𝟑𝟑 + 𝑯𝑯𝟐𝟐 + 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 + 𝟏𝟏𝟏𝟏 𝑷𝑷𝑷𝑷

𝑵𝑵𝑵𝑵𝟑𝟑
−→ 𝑵𝑵𝑵𝑵𝟐𝟐

−→ 𝑵𝑵𝑵𝑵 → 𝑵𝑵𝟐𝟐𝑶𝑶 → 𝑵𝑵𝟐𝟐

Presenter Notes
Presentation Notes
In soils, ammonification is the process from which ammonium (NH4+) is obtained by the decomposition of organic compounds with bound nitrogen. 



5. The Sulphur cycle I

• Microbial Sulphur transformations are complex but critical to determine the 
phase and ultimate fate of sulphur in the environment.

• Sulphur is an important e- donor, a component of amino acids and cofactors.

• The bulk of sulphur on Earth is found in sediments and rocks as sulphate and 
sulphide minerals. 

• Oceans are the most significant reservoir of sulphur (as sulphate SO4
2-).

• Significant S, particularly SO2 gas, enters the cycle from the combustion of fossil 
fuels, especially coal.

22

Presenter Notes
Presentation Notes
SO2 is toxic and severely irritant in gas form. It can exacerbate pre-existing pulmonary diseases and irritate mucous membranes.



5. The Sulphur cycle II
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Other recommended reading: 
Williams P. J. le B. 2010.

Presenter Notes
Presentation Notes
Industrialisation and overuse of fossil fuels has massively impacted the sulphur cycle, accelerating the cycle and thus, changing reservoirs.

https://www.ingentaconnect.com/content/sut/unwt/2010/00000029/00000001/art00002?crawler=true


5. The Sulphur cycle III

Sulphate (SO4
2-), sulphite (SO3

3-), Thiosulphate (S2O3
2-), Sulphide (S2-), elemental 

Sulphur (S0), Hydrogen sulphide (H2S) 24

Presenter Notes
Presentation Notes
DMS = Dimethyl sulphide. DMSO = Dimethyl sulphoxide
DMSO is sometimes used in PCRs as an additive to improve efficiency and primer specificity as it prevents the formation of secondary structures, maintains DNA denature for longer and can help relax supercoiled DNA.



5. The Sulphur cycle IV – Inorganic sulphur
• Hydrogen sulphide (H2S) is a major volatile sulphur gas.

• produced by bacteria via sulphate reduction or emitted from geochemical 
sources.

• Sulphide (S2-) is toxic to many plants and animals and reacts with 
numerous metals.

• commonly detoxified in nature by combination with iron, forming the 
insoluble minerals FeS (pyrrhotite) and FeS2 (pyrite).

• Sulphur-oxidizing chemolithotrophs can oxidize sulphide and 
elemental sulphur at oxic/anoxic interfaces.

25



5. The Sulphur cycle V – Organic sulphur
• Organic sulphur compounds can also be metabolized by microorganisms.

• The most abundant organic sulphur compound in nature is dimethyl sulphide (DMS).
• produced primarily in marine environments as a degradation product of 

dimethylsulfoniopropionate (an algal osmolyte).

• DMS can be transformed via a number of microbial processes.

26
Other recommended reading: Jackson R. & Gabric A. 2022

https://www.mdpi.com/2076-2607/10/8/1581


6. Iron and Manganese cycles: Redox cycles

• Iron is one of the most abundant elements in Earth’s crust but often a limiting 
nutrient for microbial growth.

• The abundance of iron and its ease of switching valence states (3+     2+) make it a 
very important component of cellular physiology.

• On Earth’s surface, iron exists naturally in two oxidation states: 
• Ferrous (Fe2+) and ferric (Fe3+)

• Manganese (M n) is also present on Earth’s surface
• Manganese exists mainly in two oxidation states: Mn2+ and Mn4+

• The reactivity of Manganese also make it relevant for cellular physiology, specially as 
cofactor and in the protection against reactive oxygen species (ROS).

• In aquatic ecosystems, Manganese and iron cycle between oxidised and reduced 
states.

27

Presenter Notes
Presentation Notes
The reactivity of iron can also make it quite toxic if there is too much redox-active iron in the labile iron pool. Iron can catalyse the production of reactive oxygen species (ROS) that can damage DNA, lipids, proteins, etc.
Pathogens have a wide range of complex iron scavenging systems due to the scarcity of iron in their ecological niche (the host). Borrelia burgdorferi and Treponema pallidum are notorious exceptions which seem to not depend on iron for their metabolism.

Manganese can also be cytotoxic and this is why its pool has to be tightly controlled.



6. Redox cycle for Iron
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Presenter Notes
Presentation Notes
The major forms of iron in nature are ferrous (Fe2+) and ferric (Fe3+). Elemental iron (Fe0) is primarily a product of smelting of iron ores. Fe3+ forms various minerals such as ferric hydroxide, Fe(OH)3.



6. Iron and Manganese redox in freshwater
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Presenter Notes
Presentation Notes
Iron and manganese oxides in sediments are used as electron acceptors by metal-reducing bacteria. The resulting reduced forms are soluble and diffuse into the oxic regions of the sediment or water column, where they are oxidized microbially or chemically. Precipitation of the insoluble oxidized metals then returns the metals to the sediments, completing the redox cycle. 

In anoxic regions of typical freshwater, insoluble Mn4+ and Fe3+ are reduced to groundwater Mn2+ and Fe2+ which are soluble and diffuse into the oxic regions. Mn2+ and Fe2+ are then oxidized into Mn4+ and Fe3+ where they return to the anoxic region.



6. Iron and Manganese cycles – Electrogens

Long Range Electron Transfer:
• Many bacteria reduce ferric iron (Fe3+) under anoxic conditions, including the 

obligate anaerobe Geobacter sulfurreducens and the facultative aerobe 
Shewanella oneidensis.

• Fe3+ is typically present in nature as an insoluble mineral and thus the reduction 
of Fe3+ must occur outside the cell.

• Geobacter forms direct electrical connections with insoluble materials via cytochromes along 
pili that are generally 10–20 micrometres long.

• Electrogenic bacteria are capable of transferring electrons to extracellular 
acceptors. Aka exoelectrogens. 

30



6. Electrogenic bacteria
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G. sulfurreducens

Reguera G., et al. 2005
Ilshadsabah A. & Suchithra T. V. 2019

Carducci N. G. G. , et al. 2024

Presenter Notes
Presentation Notes
Not all electrogenic bacteria use nanowires. For example, Shewanella can also use membrane protrusions that are rich in cytochromes.



6. Iron Bacteria and Archaea

• Fe3+ can be used by some microorganisms as an e- acceptor in 
aerobic or anaerobic respiration. Iron oxidising Bacteria (IOB) –
Iron oxidizing Archaea (IOA).

• In nature, humic substances can serve as an electron shuttle 
(donor) to reduce Fe3+.

• Humic substances are the recalcitrant products of organic matter 
decomposition.

• The oxidation of ferrous iron (Fe2+) to ferric iron (Fe3+) yields 
very little energy, so bacteria with this type of metabolism need 
to oxidize large amounts of ferrous iron to fuel their growth. 

32

Wingecarribee shire, AUS.



6. Humic substances and indirect metal reduction
• Chemical and organic source of e-, organic source of C:

• Chemoorganoheterotroph 

33

Dissimilatory Iron reducing 
microorganism (DIRM)

Presenter Notes
Presentation Notes
Quinone-like functional groups in humus are reduced by acetate-oxidising bacteria (anaerobic!). The reduced humus then donates electrons to metal oxides, releasing reduced iron (Fe2+) and oxidized humus. The cycle continues as oxidised humus is again reduced by the bacteria. 
Acetate reducing bacteria are syntrophic bacteria. Anaerobic acetate oxidation is extremely energy unfavourable and can only occur in a syntrophic interaction with methanogenic archaea if these microorganisms immediately use the CO2 and H2 products of acetate oxidation. Interestingly. Acetate oxidising bacteria can also axenically from H2 and CO2 to produce… acetate!
Dissimilatory Iron reducing microorganism: Obtains energy from the reduction of iron. The reduced iron is released into the environment and not incorporated (not assimilated -> dissimilated)



6. Iron and Manganese as e- donors

• When reduced, Fe and Mn can also be e- donors.

• In acidic, ferrous iron-rich habitats, acidophilic chemolithorophs such as 
Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans can oxidise ferrous 
iron (Fe2+) to ferric iron (Fe3+)

• A. ferrooxidans grows at pH 1-2 and fixes C and N from the atmosphere

34Quatrini R. & Johnson D. B. 2019



6. Microbial oxidation of reduced Manganese

• Some pathogens are able to replace Fe with Mn. Manganese is an important tool 
for the successful establishment of pathogens in their environment (host).

• Manganese oxidising microorganisms can also be found in almost every 
environment but their abundance is generally lower than Iron bacteria due to the 
lower relative abundance of Mn vs Fe and higher redox potential.

• Several genera of Bacteria can oxidize Mn2+ including Sphaerotilus and 
Leptothrix—both Betaproteobacteria—and Hyphomicrobium and 
Pedomicrobium—both Alphaproteobacteria.

• Some Pseudomonas species can also oxidize Mn2+.

35

Presenter Notes
Presentation Notes
Manganese is less abundant and more difficult to oxidise than Iron due to its higher redox potential. Cells have to lower its redox potential or use stronger oxidants to effectively utilise it as an electron source.



7. The Phosphorus and Calcium cycles
Phosphorous cycle

• Organic and inorganic phosphates (PO4
2−).

• Phosphorus is a typical limiting nutrient that limits the growth of aquatic photosynthetic 
autotrophs.

• Alternate forms, such as phosphite (PO3
-3) and hypophosphite (H2PO2

-), rapidly cycle through 
aquatic ecosystems.

Calcium cycle
• Reservoirs are rocks and oceans.
• Marine phototrophic microorganisms, such as foraminifera, use Ca2+ to form exoskeleton. 

This is what formed a large part of the White Cliffs of Dover.

36



7. The (marine) Calcium cycle

37More CO2more carbonic acid more bicarbonate and H+ acidification

Presenter Notes
Presentation Notes
Scanning electron micrographs of cells of the calcareous phytoplankton (a) Geophyrocapsa huxleyi and (b) Discosphaera tubifera. The exoskeletons of these coccolithophores are made of calcium carbonate (CaCO3). A cell of G. huxleyi is about 8 μm wide and a cell of D. tubifera is about 12 μm wide. (c) The marine calcium cycle; dynamic pools of Ca are shaded in green. Detrital CaCO3 is that in fecal pellets and other organic matter from dead organisms. Note how carbonic acid (H2CO3) formation lowers ocean pH when it dissociates to form H+ and bicarbonate (HCO3−).

Part c. The marine calcium cycle is as follows. Detrital CaCO3 in sediment becomes dissolved Ca2+ and HCO3- which becomes calcareous exoskeletons which turn back into detrital CaCO3. dissolved Ca2+ and HCO3− are also produced by upwelling of the sediments. Calcareous exoskeletons contribute to the sediments by sinking. The equation is Ca2+, + 2HCO3− in equilibrium with CaCO3 + CO2 + H2O. The CO2 and H2O are in equilibrium with H2CO3 which is in equilibrium with H+ and HCO3- .



8. The Mercury cycle I

• Mercury has a tendency to concentrate in living tissues and is highly toxic.
• Mercury causes macromolecular structural changes, oxidative stress and DNA damage.

• The major form of mercury in the atmosphere is elemental mercury (Hg0), which 
is volatile and oxidized to mercuric ion (Hg2+) photochemically.

• Most mercury enters aquatic environments as Hg2+.

38



8. The Mercury cycle II
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Presenter Notes
Presentation Notes
The major reservoirs of mercury are water and sediments. Mercury in water can be concentrated in animal tissues (bioaccumulation); it can be precipitated as mercury sulphide (HgS) from sediments. The volatile forms of mercury are elemental mercury (Hg0) and dimethylmercury (CH3HgCH3). The enlarged bacterial cell shows the enzyme system responsible for mercury methylation by sulfatereducing bacteria. Common forms of mercury are shown in different colours. THF, tetrahydrofolate. HgcA and HgcB are proteins that function to methylate mercury. 

The enzyme system in a bacterial cell works as follows: A methyl radical (-CH3) bound to HgcA is used to bind the Hg2+ cation with the methyl group. This creates methyl mercury (CH3Hg+) which is secreted out of the cell. Methyl mercury is extremely toxic and bioaccumulative. Parallelly, A HgcAB complex catalyses the methylation of a free HgcA from a methyltetrahydrofolate (THF-CH3) donor.



8. Mercury transformations

• Hg2+ readily adsorbs to particulate matter where it can be metabolized by 
microorganisms.

• Microorganisms form methylmercury (CH3Hg+), an extremely soluble and toxic 
compound. Methylmercury is also bioaccumulative.

• Several bacteria can also transform toxic mercury to nontoxic forms.

• Bacterial resistance to mercury is often linked to specific plasmids that encode 
enzymes capable of detoxifying or pumping out the metals.

40



8. Mercury transformations and resistance
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Presenter Notes
Presentation Notes
(a) The mer operon. MerR can function as either a repressor (in the absence of Hg2+) or a transcriptional activator (in the presence of Hg2+). (b) Transport and reduction of mercury cation (Hg2+) and methylmercury (CH3Hg+); the Hg2+ is bound by cysteine residues in the MerP and MerT proteins. MerA is the enzyme mercury(II) reductase (catalyses reduction of Hg2+ to Hg0) and MerB is organomercury lyase (decomposes organomercury compounds).



9. Anthropogenic impacts on C and N cycles

• Human activity is believed to have a major impact on the carbon cycle.
• CO2 levels have increased more than 40 50 % since the start of the Industrial Revolution and 

are now higher than they have been in the last 800,000 years.
• The majority of this 50% increase has been released over the last 70 years.

• CO2 is a greenhouse gas that traps long-wave heat waves from the Earth’s surface. This 
phenomenon is called radiative forcing (amount of energy that enters Earth is different from 
amount that leaves). 

• Dissolved CO2 decreases the pH of the ocean. This acidification endangers coral reefs, which 
will release calcium carbonate as they die.

• Air and ocean water temperatures are increasing, which increases the oxygen minimum 
zones (OMZs) in the ocean.

42

Presenter Notes
Presentation Notes
Current estimates on CO2 emission increase have rendered the original information in the slide outdated. 



9. Anthropogenic impact on climate

43

Meehl G. A., et al. 2007 

Lee H. & Romero J. 2023
Recommended reading: 
Climate Change 2023 Synthesis Report

Presenter Notes
Presentation Notes
(left) Multi-model means of surface warming (relative to 1980–1999) for the scenarios A2, A1B and B1, shown as continuations of the 20th-century simulation. Values beyond 2100 are for the stabilisation scenarios. Linear trends from the corresponding control runs have been removed from these time series. Lines show the multi-model means, shading denotes the ±1 standard deviation range of individual model annual means. Discontinuities between different periods have no physical meaning and are caused by the fact that the number of models that have run a given scenario is different for each period and scenario, as indicated by the coloured numbers given for each period and scenario at the bottom of the panel. For the same reason, uncertainty across scenarios should not be interpreted from this figure.

(right) Assessment of observed changes in large-scale indicators of mean climate across climate system components, and their attribution to human influence. The colour coding indicates the assessed confidence in / likelihood76 of the observed change and the human contribution as a driver or main driver (specified in that case) where available (see colour key). Otherwise, explanatory text is provided.

https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_LongerReport.pdf


9. Human impacts on the Nitrogen cycle

• Human activity believed to have a major impact on nitrogen cycle.

• Humans produce large amounts of nitrogenous fertilizers (Haber-
Bosch process).

• Ecological effects of fertilizers are unknown, but the alteration of nitrogen 
cycles will also change iron availability and the carbon cycle.

• Nutrient cycles are coupled.
• Change in either nitrogen or carbon cycles will affect other cycles.
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9. Nitrogen and humanity

45

• The Haber-Bosch process has had a monumental impact on humanity.
• Organic, fertiliser-free farming would only support half of the current world population.

Presenter Notes
Presentation Notes
Estimates from 2015: World population 7.38 milliards, world population supported without synthetic fertiliser 3.84 milliards, world population fed by synthetic fertiliser 3.54 milliards.
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