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CHAPTER 11

Processes in anoxic environments

Nearly all of the organisms discussed in detail so far in 
this book live in an oxygen-rich world. The production of 
oxygen by light-driven primary producers is enough for 
use by heterotrophic organisms, not only in sunlit environ-
ments, but also in many habitats without direct exposure 
to the sun. Oxygen can be high in these dark habitats if 
the supply by physical processes exceeds the use of oxy-
gen by aerobic oxidation of organic material; the sup-
ply of oxygen has to exceed the supply of organic 
material. In those cases, there is enough oxygen to 
degrade organic material, to drive other biogeochemical 
cycles, and to support growth of microbes and other 
organisms in many dark habitats. But there are times 
and places when the supply is not enough and oxygen 
runs out. What happens then? This chapter provides 
some answers.

Some oxygen-deficient habitats are far removed from 
oxic systems, while others are close by. Most of the 
oceans, for example, have lots of oxygen, but as soon as 
water meets the mud at the bottom, things change. 
Intense aerobic heterotrophy in superficial sediments 
prevents oxygen from penetrating far, creating anoxic 
mud only millimeters away from oxic waters. The same 
mechanism explains why waterlogged soils turn anoxic. 
Likewise, aerobic heterotrophy can use up the oxygen in 
the middle of organic-rich particles, resulting in anoxic 
microhabitats in otherwise oxic soil and water. Other 
anoxic systems are distant from sunlit oxic ones. The 
 subsurface environment below soils and ocean sedi-
ments is largely devoid of oxygen. A few marine basins, 
like the Black Sea and the bottom waters of many lakes, 
are anoxic because mixing in of oxygen-rich waters is 

restricted and because aerobic respiration in surface 
 layers uses up the oxygen before it can diffuse deeper 
in the water column. In all anoxic systems, bacteria and 
archaea dominate, and only a few anaerobic eukaryotic 
microbes can flourish.

While Earth’s surface is now oxic, that has not always 
been the case. The entire planet was anoxic for the first 
half of its existence (Figure 11.1), with oxygen becoming 
abundant in the atmosphere only about 2.2 billion years 
ago after the evolution of oxygenic photosynthesis in 
cyanobacteria. Atmospheric oxygen increased to mod-
ern day levels during the Carboniferous period, about 
359 to 299 million years ago, when massive forests on 
land were buried without being decomposed, eventually 
turning into coal. Only after atmospheric oxygen became 
sufficient did the evolution of larger, multi-cellular 
eukaryotes become possible. Although anoxic environ-
ments have receded and anaerobic organisms no longer 
rule the biosphere, both are very important in many bio-
geochemical cycles and ecological interactions. The 
anoxic world is populated by many diverse microbes 
carrying out many exotic processes not seen in the oxic 
world.

This chapter will discuss many of these processes with 
a focus on the carbon and sulfur cycles. Chapter 12 will 
have more about anaerobic processes in the nitrogen 
cycle.

Introduction to anaerobic respiration

In terms of the carbon cycle, an important process 
occurring in anoxic environments is the mineralization 
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of organic material by anaerobic respiring microbes. 
To understand anaerobic respiration, let us go back 
to aerobic mineralization and break down the familiar 
equation describing it. As seen before (Chapter 7), the 
equation for aerobic oxidation of organic material is

 CH O O CO H O2 2 2 2+ → +  (11.1)

where CH2O again symbolizes generic organic material, 
not a specific compound. Equation 11.1 describes a redox 
reaction that can be split apart into two half- reactions. 
One half reaction generates electrons (e−):

 CH O H O CO e H2 2 2 4 4+ → + +− +  (11.2)

while the other half-reaction describes how oxygen 
takes on the electrons:

 O e H H O2 24 4 2+ + →− +  (11.3).

Combining Equations 11.2 and 11.3 yields Equation 11.1. 
Organic material is the electron donor, while oxygen is 
the electron acceptor.

We can write a more general form of Equation 11.1:

 CH O A H O CO H A2 2 2 2 2+ + → +  (11.4)

to illustrate that organic material can be oxidized to car-
bon dioxide with a generalized electron acceptor, A2. 
(“A2” nicely fits O2, but nitrate ( )NO3

−  and many other 
electron acceptors are not diatomic.) Anaerobic respiration 
uses various electron acceptors, symbolized by A2 in 
Equation 11.4. Of the many elements and compounds 
that can take the place of A2, all are in an oxidized state, 
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Figure 11.1 Atmospheric carbon dioxide and oxygen concentrations over geological time. Oxygen concentrations are given as 
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meaning they can take on more electrons. For example, 
NO3

−  can be an electron acceptor because of the oxi-
dized state of its nitrogen (+5), whereas ammonium 
( )NH4

+  cannot be because its nitrogen is highly reduced 
(−3) and cannot take on more electrons (see Table 3.2 in 
Chapter 3).

Microbes use electron acceptors in order 
of redox potential

Realizing that several electron acceptors are possible, 
the next question becomes, which ones are preferred 
by microbes and which are most important in oxidizing 
organic material? Clues to the answers come from look-
ing at how three common electron acceptors, O2, NO3

− , 
and sulfate ( )SO4

2− , vary with depth in a typical sediment 
profile (Figure 11.2). Invariably, going from the top to the 
bottom of the profile, oxygen disappears before sulfate 
begins to decline. Nitrate also disappears quickly soon 
after oxygen but before sulfate. Figure 11.2 gives the vari-
ation in space (depth in the sediment profile), but it also 
illustrates how these compounds would vary through 
time, starting at the surface. If enough organic material 

Box 11.1 Balancing equations

A chemical equation balanced in terms of electrons 
and elements is a succinct and powerful description 
of a biogeochemical process potentially occurring 
in an environment. To balance a chemical equation, 
the starting point is to make sure the number of 
electrons from the electron donor matches the elec-
trons being received by the electron acceptor. These 
are set by the valence of the elements being oxi-
dized and reduced. The main elements other than 
hydrogen and oxygen should be balanced and equal 
in number on both sides of the equation. To bal-
ance hydrogen and oxygen atoms, H+ or OH− (but 
not O2) can be added to either side as needed, 
because the reaction is in an aqueous solution, even 
in soils, where H+ and OH− are plentiful. If done 
 correctly, at this point everything should be in bal-
ance: electrons, elements, and charge. Among many 
resources, Brock Biology of Microorganisms (Madigan 
et al., 2012) gives a primer on how to balance 
chemical equations and to calculate energy yields.
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Figure 11.2 Concentrations of three important electron acceptors in a sediment profile. The sulfate concentrations are in mM 
but multiplied by 10 to fit on this graph (the highest concentration was about 17 mM in this example), whereas nitrate 
concentrations are in µM. Going down a profile is equivalent to the passing of time. In closed incubations, these three electron 
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were placed in a bottle along with possible electron 
acceptors, O2 would disappear first, followed by NO3

− , and 
then SO4

2−. Why this order?
The order can be explained by the tendency of these 

compounds to accept electrons. This tendency is meas-
ured relative to the reduction of H+ to H2, which is set at 0 
volts (V). Possible electron acceptors are put in an “electron 
tower” of reduction half-reactions (Figure 11.3), with oxy-
gen at the top (+0.82 V) and CO2 at the bottom (−0.24 V). 
A more positive half-reaction indicates a greater tendency 
for the compound to accept electrons. So, oxygen is the 
strongest electron acceptor, while CO2 is the weakest. The 
strength of an electron acceptor is an important character-
istic in explaining the contribution of various elements 

and compounds to anaerobic respiration and to the min-
eralization of organic material in anoxic environments.

The electron tower explains the order of electron 
acceptors used up over time and down a depth profile, 
but it is insufficient for exploring the benefit to an organ-
ism of using one acceptor over another and for predict-
ing which is most important in oxidizing organic material 
in the absence of oxygen. To explore these issues, it is 
useful to calculate a theoretical energy yield for an  electron 
acceptor oxidizing an organic compound. This energy 
yield is the Gibbs free energy change ( )∆Go′ , where the 
superscripts indicate that standard biochemical condi-
tions are assumed: pH = 7, the temperature is 25 °C, and 
each of the compounds other than H+ in the reaction 
occurs in equal molar amounts. To compare the electron 
acceptors, we assume for now that the same electron 
donor, here an organic compound, is oxidized for all 
electron acceptors; in Table 11.1, the “compound” is in 
fact a hypothetical one with the main elements (C, N, 
and P) occurring in Redfield ratios (Chapter 2). As we will 
soon see, sulfate reducers and carbon dioxide reducers 
do not use the same electron donors. But the calcula-
tions and the theoretical energy yields are still useful in 
thinking about these various electron acceptors.

The order of electron acceptors in Table 11.1 is the same 
as seen in the electron tower (Figure 11.3). Because the 
electron donor is the same in Table 11.1, the differences in 
energy yield are due to the electron acceptors. But a couple 
of new points are illustrated by the energy yield calcu-
lations. Note the small difference in energy yield between 
oxygen and the next electron acceptors, especially nitrate, 
in Table 11.1. The implication is that these other electron 
acceptors should be nearly as  commonly used by microbes 
as oxygen. In contrast, using sulfate or carbon dioxide 

Table 11.1 Theoretical yield of energy from organic material oxidation using various electron acceptors. Co is (CH2O)106 
(NH3)16(H3PO4)—an idealized organic material with Redfield ratios for C, N and P. The oxidized form of manganese used here is 
pyrolusite, and the oxidized iron is goethite. Data from Froelich et al. (1979).

Electron acceptor  Reaction Energy yield (kJ mol−1)

Oxygen Co + 138O2 → 106CO2 + 16HNO3 + H3PO4 +122H20 −3190
Nitrate Co + 94.4HNO3 → 106CO2 + 55.2N2 + H3PO4 + 177.2H20 −3030
Manganese Co + 236MnO2 + 472H+ → 106CO2 + 236Mn2+ + 8N2 + H3PO4 + 366H20 −2920
Iron Co + 424FeOOH + 848H+ → 106CO2 + 424Fe2+ + 16NH3 + H3PO4 +742H20 −1330
Sulfate C + 53SO 106CO + 53S +16NH + H PO + 106H Oo 4
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Figure 11.3 The electron tower showing the potential (volts) 
for some half-reactions involving electron acceptors 
commonly used by microbes. Data from Canfield et al. 
(2005) and Thauer et al. (1977).
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yields very little energy, nearly ten-fold less, during the oxi-
dation of the same hypothetical organic carbon, implying 
both sulfate and carbon dioxide are less desirable as elec-
tron acceptors and unimportant in organic material oxi-
dation. We will see in a moment that this is not the case.

The energy yield also explains why eukaryotic microbes 
do not use the electron acceptors at the bottom of the 
list, such as sulfate and carbon dioxide. The energy yield 
with these electron acceptors is too small to support 
the high energy requirements of the eukaryotic lifestyle. 
Some of the other electron acceptors are not as easily 
ruled out. There is a seemingly small drop-off in the the-
oretical energy yield in switching from nitrate to manga-
nese. In fact, the only electron acceptor used by eukaryotic 
microbes other than oxygen is nitrate (Risgaard-Petersen 
et al., 2006; Kamp et al., 2016).

Oxidation of organic carbon by different 
electron acceptors

So far, oxygen and other electron acceptors have been 
evaluated on theoretical grounds using basic thermo-
dynamics under standard biochemical conditions. But 
standard conditions are not necessarily realistic. How do 
the predictions compare with the real world—what is the 
dominant electron acceptor under real-world conditions?

Globally, the answer is oxygen (Figure 11.4). This should 
be no surprise after seeing its high energy yield in oxidizing 
organic material, and after remembering that production 
of organic material and oxygen production are intimately 
coupled. Next on the energy yield list is nitrate. But this 
electron acceptor is responsible for relatively little organic 
material oxidation, except for polluted waters and some 
water-saturated soils with high nitrate concentrations. 
Nitrate reduction may account for as much as 50% of 
organic carbon mineralization in low-oxygen basins in 
the Pacific Ocean (Liu and Kaplan, 1984). Still, nitrate 
reduction accounts for little organic carbon oxidation on 
a global scale. So, why isn’t nitrate more important?

Before answering that question, here is yet another 
puzzle. Even though sulfate and carbon dioxide are near 
the bottom of the electron acceptor tower, both are 
important in anaerobic organic material oxidation. Sulfate 
reduction is crucial in marine environments, while  carbon 
dioxide reduction fills that role in freshwater environments, 
such as wetlands and rice paddies. So, energetic yield 

only partially explains why some electron acceptors are 
more important than others. The two other factors are 
concentration and chemical form of the electron acceptors. 
These answer the question about nitrate and explain the 
puzzle about sulfate and carbon dioxide.

Limitations by concentration and supply
The thermodynamic calculations for energy yields given 
in Table 11.1 assume equal concentrations of everything. 
However, that is far from being true in real environments. 
One reason why oxygen is so important is that it is often 
readily available and concentrations are high. In fact, the 
production of oxygen is as high as the production of 
organic material because the two processes are mechanis-
tically linked by oxygenic photosynthesis. The dominant 
form of primary production by far is oxygenic photo-
synthesis, which produces enough oxygen to oxidize all 
of the organic material made by photosynthesis.
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Figure 11.4 Relative importance of electron acceptors in 
oxidizing organic material with or without oxygen and with 
low or high sulfate concentrations. The fraction oxidized by 
anaerobic processes (10%) was set to the fraction of organic 
material buried in anoxic environments. The total was then 
re-set to 100% to calculate averages for the anoxic 
environments. The contributions by some electron acceptors 
are not shown because they are low. These include CO2 in 
high-sulfate environments, Mn4+ in low-sulfate 
environments, and NO3

− in both types of environment. Data 
for the high-sulfate environments are from studies cited in 
Canfield et al. (2005), and the low-sulfate environment data 
are from Keller and Bridgham (2007), Yavitt and Lang (1990), 
Roden and Wetzel (1996), and Thomsen et al. (2004).
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In contrast with oxygen, nitrate production is not 
 intimately linked to organic carbon production. Nitrate 
formation starts with nitrogen fixation (N2 → NH3), a slow, 
energy-intensive process, carried out by only a few 
organisms (Chapter 12), unlike the widespread capacity 
of oxygen formation by oxygenic photosynthesis. In con-
trast with nitrogen fixation, nitrate reduction is a rapid 
process that can lead to nitrogen gases (N2 and N2O) and 
the loss of fixed nitrogen from the system. Another sink 
for nitrate is its use as a nitrogen source for biomass syn-
thesis by higher plants, phototrophic microbes, and het-
erotrophic bacteria. For these reasons, concentrations 
and supply rates of nitrate are low, explaining why nitrate 
respiration does not consume more organic material 
even with its high theoretical energy yield.

Concentrations and supply explain much about the 
contribution of the other electron acceptors to organic 
material oxidation. The concentration of sulfate is the 
reason why organic material oxidation by sulfate reduc-
tion is so high in marine environments. Sulfate is not lost 
from these environments because the end product of 
sulfate reduction (H2S) is usually easily converted back 
to sulfate. Sulfate concentrations are low in freshwaters 
and soils, explaining why sulfate reduction is usually not 
important in those environments. Carbon dioxide reduc-
tion is never limited by carbon dioxide concentrations. 
Likewise, iron and manganese are often abundant, 
explaining why these two elements are often important 
in organic material oxidation. But use of oxidized iron 
and manganese as electron acceptors is complicated by 
yet another property: their chemical form.

Effect of physical state and chemical form
The physical state of the acceptors used by microbes 
ranges from a gas to a solid. Oxygen once again has a 
form most conducive to use by microbes. It has the 
 lowest molecular weight of all compounds in the elec-
tron tower, resulting in its diffusion rate being highest 
of all electron acceptors. Because it is a gas, it can be 
transported to microbes without water, an important 
feature in soils. Finally, because it is uncharged and small, 
oxygen easily enters into cells without special transport 
mechanisms. The only other electron acceptor with any 
of these traits is carbon dioxide, but its physical state and 
chemical form (low molecular weight, gas, and uncharged) 
and high concentrations are not enough to offset its low 
energy yield.

Concentration is the main reason why nitrate reduc-
tion contributes so little to organic carbon oxidation, but 
its chemical form doesn’t help. Its charge and thus non-
gaseous state means that it is made available to microbes 
only via water. The charge also means that specialized 
transport mechanisms and energy are required to bring 
it across membranes and into cells.

Chemical state has a big impact on the use of electron 
acceptors such as ferric iron (Fe(III)) and oxidized manga-
nese (Mn(IV)). Most importantly, because Fe(III) is insoluble 
at the near-neutral pH of most environments, it occurs as 
particulate oxides that are much too large to transport 
across membranes. Consequently, iron-reducing bacteria 
may have to be in physical contact with iron oxides and 
somehow transport electrons from organic material oxida-
tion to the iron oxide (Figure 11.5). This contact may be via 
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Figure 11.5 Three hypothesized strategies for using insoluble iron oxides by iron-reducing bacteria. The first (A) is to be in 
direct physical contact with the iron oxide. In the second strategy (B), the electrons are transferred via a conductive pilus or 
nanowire. The third strategy (C) involves a soluble ligand (L+) that is reduced by the bacterium. The now reduced ligand (L−) 
reduces Fe(III) to Fe(II). Based on Nealson and Rowe (2016).
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“nanowires” (Shi et al., 2016), as  mentioned in Chapter 2. 
Alternatively, direct physical contact may not be necessary 
if electrons can be shuttled from the bacterium to the 
insoluble iron oxide via soluble ligands. 

Another complication is the type of crystal form iron 
takes on. The crystallinity of oxidized iron, which ranges 
from amorphous oxides to highly crystallized ones, 
affects the access of Fe(III) to iron-reducing bacteria. Iron 
in amorphous oxides is more easily reduced and thus sup-
ports more organic material oxidation than highly crys-
tallized iron. So, even though concentrations of iron are 
high in soils and sediments and its energy yield as an 
electron acceptor is also high, the chemical form of iron 
can limit its contribution to the oxidation of organic 
material in anoxic environments.

The anaerobic food chain

So far, we have assumed that anaerobic respiring organ-
isms can all use the same organic compounds as electron 
donors. In fact, this is far from being the case. It is true 
that the suite of organic compounds used by nitrate 
reducers is about the same as oxygen reducers (aerobic 
respiration), and geochemists often treat the two pro-
cesses as being nearly equivalent. With these electron 
acceptors, in theory, any labile organic material could 
be degraded, oxidized, and mineralized by a single 

 organism. In contrast, most of the anaerobic respiring 
bacteria and archaea cannot use many organic com-
pounds as electron donors. Consequently, an entire 
consortium of organisms working sequentially is needed 
to mineralize organic material in anoxic habitats. The 
consortium is called the “anaerobic food chain.” Although 
members of this consortium are not eating one another, 
“food chain” does convey the correct idea of organic 
carbon being passed from one organism to another 
(Figure 11.6). The anaerobic food chain model assumes 
that sulfate and carbon dioxide are dominant terminal 
electron acceptors.

Before discussing specific parts of the anaerobic food 
chain, let us start with an overview by following plant 
detritus as it is degraded and eventually oxidized back to 
carbon dioxide. The detritus is first broken up into smaller 
fragments by larger, eukaryotic organisms (Chapter 7), 
creating more surface area for bacteria and fungi to attack 
the macromolecules making up the detritus. These 
microbes have hydrolases (cellulase, in the case of cellu-
lose) that cleave the detrital macromolecules to mono-
mers (glucose, in the case of cellulose). The monomers 
and other by-products from macromolecule hydrolysis 
are not used directly by sulfate or carbon dioxide reducers. 
Instead, these by-products are used by bacteria car-
rying out fermentation. The fermenting bacteria in turn 
produce several compounds, most importantly acetate 
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H2
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Hydrolysis

Monomers

Alcohols &
organic acids

Fermentation
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Acetogenesis
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Figure 11.6 Anaerobic food chain. Acetate and H2 are key compounds supplying electrons that eventually end with the 
terminal electron acceptors, sulfate and carbon dioxide.
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and hydrogen gas (H2). These two compounds and a few 
others are then used by sulfate or carbon dioxide  reducers, 
thus completing the anaerobic food chain.

The anaerobic food chain model is a simple depiction 
of a complicated suite of possible electron acceptors and 
donors, and of microbes and microbial physiologies. 
How terminal electron acceptors, such as iron and man-
ganese, fit into this model is not clear. More problematic, 
one study found that about 80% of sulfate and iron reduc-
tion was supported by other electron donors besides 
acetate and H2 (Finke et al., 2007). These other electron 
donors could include alcohols, sugars, and amino acids, 
and several other compounds—all now assumed to be 
used by microbes in the initial steps of the anaerobic food 
chain. Still, while the model is not perfect, it does serve to 
illustrate connections among several microbial metabolic 
pathways important in the anaerobic degradation of 
organic material.

Fermentation
This form of catabolism is an important intermediate 
step between biopolymer hydrolysis and oxidation by 
the terminal electron acceptors. Fermentation refers to 
several anaerobic processes used by organisms to gener-
ate energy (ATP) without external electron acceptors. 
Using simple monomers like sugars and amino acids, 
 fermenting organisms produce organic compounds like 
organic acids or alcohols and sometimes CO2, while 
generating energy. 

Fermentation pathways have been extensively exam-
ined for many years, but not much is known about fer-
mentation in natural environments. It is known that 
fermentation is common among microbes (Box 11.2) 
and even among eukaryotes, including the muscle cells 
of mammals. When the supply of oxygen is insufficient, 
our muscles carry out lactic acid fermentation:

 Glucose lactate H ATP→ + ++2 2 2  (11.5)

which yields 196 kJ mol−1, much less than the roughly 
3000 kJ mol−1 released by aerobic respiration. When the 
supply of oxygen is insufficient (such as when we are out 
of shape), muscle cells are forced to do lactic acid fer-
mentation because of the lack of an external electron 
acceptor. In this form of fermentation, no carbon dioxide 
is released because there is no net oxidation of the glu-

cose carbon; there is no place for electrons from glucose 
oxidation to go. Our muscle cells cannot go for long with-
out oxygen, but many microbes can grow using energy 
only from fermentation.

Which bacteria and eukaryotes carry out fermentation 
in nature is still largely unknown. Stable isotope experi-
ments have suggested bacteria related to Acido bacterium 
capsulatum in the Acidobacteria phylum, which is very 
abundant in soils (Chapter 4), are important in fermenting 
sugars in fens and peatlands (Hamberger et al., 2008). 
Most fermentation in natural environments is generally 
assumed to be carried out by bacteria (Valdemarsen 
and Kristensen, 2010), even though fermentation by 
yeasts is very important in producing many practical by-
products from alcohol to leavened bread, and some 
parasitic protists, such as Giardia and Entamoeba, are 
known to carry out fermentation when oxygen becomes 
limiting (Müller et al., 2012). Less appreciated is the pos-
sible role of algae in fermentation. When buried in dark, 
anoxic environments, some algae may switch to fermenta-
tion or nitrate respiration (Bourke et al., 2017).

A key feature of fermentation is the release of organic 
compounds. These compounds are not as energy-rich 
as the starting material but they are still reduced enough 
to yield energy when oxidized by sulfate and carbon 
dioxide reducers. These organisms use many of the 
compounds released by various fermentation pathways, 
but the main fluxes of carbon and energy are through 
acetate and hydrogen gas. This conclusion was reached 

Box 11.2 Trash as treasure

Many types of fermentation are carried out by 
microbes. These pathways take their name from 
their end product, excreted as waste. One example is 
lactic acid fermentation, used for centuries to make 
yogurt, cheeses, and other food. Another example 
is ethanol fermentation, a key process in making 
wine and beer. Many commercially valuable prod-
ucts are made by fermentation, including enzymes, 
vitamins, and antibiotics. Compounds, such as 
insulin, are produced by fermenting microbes with 
cloned genes from other organisms. Fermentation 
can produce hydrocarbons, including butane and 
oil, suitable for use as biofuels.
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by studies examining concentrations and fluxes of 
short chain organic acids like acetate, lactate, and propi-
onate (Parkes et al., 1989). Fluxes can be examined by 
measuring concentrations of these compounds coupled 
with uptake rates estimated from 14C- or 13C-labeled 
compounds in nature. Stable isotope probing (SIP) 
experiments using 13C-acetate have been used to identify 
bacteria in the gammaproteobacterial family Oceano
spirillaceae and others as acetate users in sediments 
(Vandieken and Thamdrup, 2013). A complementary 
approach is to follow the build-up of compounds after 
sulfate reduction or methanogenesis has been inhibited 
by adding either molybdate or 2-bromochloromethane. 
These inhibition experiments as well as the flux measure-
ments have demonstrated that acetate is usually more 
important than lactate and other short chain fatty acids 
in supporting sulfate reduction and methanogenesis.

Why are acetate and H2 key compounds in the anaer-
obic food chain? Both can be produced directly by 
 fermentation pathways, but they are also produced by 
another group of microbes in another step in the anaer-
obic food chain.

Acetogenesis, interspecies hydrogen transfer, 
and syntrophy
The next step in the anaerobic food chain is the production 
of acetate and H2 by acetogenic bacteria, using another 
metabolic pathway, acetogenesis. There are about 20 
genera of acetogenic, mainly Gram-positive bacteria, 
with most known strains in the Acetobacterium and 
Clostridium genera (Drake et al., 2008). These organisms 
have been isolated from a wide variety of environments, 
including soils, animal guts, and sediments.

Acetogenic microbes can use several organic com-
pounds, such as ethanol, a common end product of 
 fermentation. The reaction describing the use of ethanol 
by acetogens is

 Ethanol H O acetate H H

G kJ molo

+ → + +

= +

+

−′
2 2

19 6∆ .

 (11.6).

The reaction has a serious problem as now written; the 
change in Gibbs free energy ( )∆Go′  is positive, implying 
that the reaction is thermodynamically impossible. But, 
experimental studies have demonstrated that it occurs 
and that organisms grow with energy from it. How is this 

possible? This is one example of many where biology 
seems to break the laws of thermodynamics. What actually 
happens is less dramatic. No thermodynamic laws are 
broken because biology does not necessarily operate 
under standard biochemical conditions.

Note that the energy yield given for Equation 11.6 
assumes that the reaction occurs under standard bio-
chemical conditions—most importantly, equal concen-
trations of the reactants and by-products. In fact, the 
reaction does go forward when H2 is removed and its 
concentration drops far below the hydrogen to ethanol 
ratio implied by Equation 11.6. According to theoretical 
calculations, acetate formation from ethanol becomes 
thermodynamically feasible when the partial pressure of 
H2 drops below one atmosphere, and becomes ener-
getically profitable for growth when it is less than about 
0.01 atmosphere (Figure 11.7). In theory, removing the 
other end product, acetate, could also “pull” the reaction 
to the right and make it thermodynamically possible, but 
that is easier to accomplish with a gas (here hydrogen) 
which can diffuse away more quickly than a charged, 
larger compound like acetate. In any case, uptake of both 
acetate and H2 would pull the reaction to the right.

In addition to diffusion, H2 concentrations are reduced 
by its use by other organisms. This connection between a 
H2 producer (the acetogenic bacterium) and a H2 user 
(sulfate or carbon dioxide reducer) is referred to as “inter-
species hydrogen transfer.” It is greatly facilitated when the 
two organisms are physically close together in a mutually 
beneficial arrangement called “syntrophy” (Morris et al., 
2013). A famous example of syntrophy is “Methanobacillus 
omelianskii” described by H. A. Barker in 1940. This 
seemed to be one organism that used  ethanol and carbon 
dioxide to produce acetate and methane. The reaction is 
thermodynamically favorable ( . / )∆G ′ = −0 116 4kJ reaction  
and thus seemed possible for one organism to carry out. 
However, later it was shown that this reaction was actually 
carried out by two organisms: an acetogenic bacterium 
(Acetobacterium woodii) that produces H2 and acetate 
from ethanol, and a methanogen (Methanobacterium 
bryantii) that uses H2 and carbon dioxide (but not etha-
nol) and produces methane. That these microbes were 
isolated and maintained together for years is indicative 
of the tight physical relationship between the two. Single 
cell genomics, rRNA tag sequencing, and other cultivation-
independent methods have been used to examine the 
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syntrophic acetate oxidation to H2 and its use by meth-
anogens (Gies et al., 2014).

Acetogenic bacteria do not appear to be very diverse. 
The culturable acetogenic bacteria include the thermo-
phile Thermacetogenium phaeum and mesophiles 
Clostridium ultunense and Synthrophaceticus schinkii 
(Mosbaek et al., 2016). Metagenomics and stable iso-
tope probing have been used to examine the microbes 
taking up 13C-acetate and also those involved in ace-
togenesis. This work turned up 13C-labeled peptides 
in methanogenic archaea and also five species of 
Clostridia, a class of bacteria in the Firmicutes phylum. 
Metagenomic data indicate that the bacteria have the 
FTFHS gene for formyltetrahydrofolate synthetase, a 
key enzyme for reductive acetogenesis. Metagenomic 
analyses of marine sediments suggest that archaea in 
the Bathyarchaeota may be capable of acetogenesis 
(He et al., 2016).

The sulfur cycle and sulfate reduction
The next step in the anaerobic food chain in environ-
ments with high sulfate concentrations is sulfate reduc-
tion, which oxidizes acetate, H2, and other by-products 
of fermentation and acetogenesis. This process and the 
rest of the sulfur cycle are worthy of more discussion 
because sulfate-reducing bacteria oxidize a large amount 

of organic material in the biosphere, and because these 
microbes and others involved in the sulfur cycle are 
abundant in many natural ecosystems, not just marine 
ones. Sulfur biogeochemistry also plays a big part in 
 figuring out the history of early life on the planet. The 
sulfur cycle consists of several biogeochemical reactions 
 mediated by several types of bacteria and archaea 
(Figure 11.8).

The focus here is on those organisms using sulfur 
compounds to generate energy (catabolism), in contrast 
with its use by organisms for biosynthesis of protein and 
other macromolecules (anabolism). Because it is the 
most available form of sulfur in many environments, sul-
fate is the main sulfur source for many organisms, ranging 
from microbes to higher plants. Sulfate needs to be 
reduced before its sulfur can be assimilated and used 
in biosynthetic pathways. Assimilatory sulfate reduction 
is quite different from dissimilatory sulfate reduction 
(Table 11.2), the main topic of this section. There is a 
similar difference between dissimilatory nitrate reduc-
tion, previously mentioned as just “nitrate reduction,” 
and assimilatory nitrate reduction.

The capacity to carry out dissimilatory sulfate reduc-
tion is not as common as assimilatory sulfate reduction, 
dissimilatory nitrate reduction, and oxygen reduction 
(aerobic respiration). Most of the known sulfate reducers 
are in the class Deltaproteobacteria, although there 
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are some Gram-positive sulfate reducers in the genus 
Desulfotomaculum in the Firmicutes phylum (Rabus 
et al., 2015). Single cell and metagenomic approaches 
have uncovered evidence (dsr genes for dissimilatory 
sulfite reductase) that some members of the Chloroflexi 
phylum are sulfate reducers (Wasmund et al., 2017). 

Sulfate reduction in the Archaea is restricted, as far as 
is known, to the genus Archaeoglobus. This is an interest-
ing organism because it grows at high temperatures, 
reaching maximum growth at over 90 °C. Probably 
other, uncultivated sulfate reducers grow at even higher 
temperatures, because sulfate reduction by natural 
communities has been observed at temperatures hotter 
than 90 °C. Another interesting aspect of this archaeon is 
that it is most closely related to methanogenic archaea, 
suggesting Archaeoglobus lost its methanogenic path-
way and gained sulfate reduction genes later from bac-
teria by horizontal gene transfer. Support for this 
hypothesis comes from comparing phylogenetic trees 
of genes for 16S rRNA and dissimilatory sulfite reduc-
tase (dsr).

Electron donors for sulfate reduction
An individual sulfate-reducing bacterium may not be 
able to use many organic compounds, but the entire col-
lection of sulfate reducers can use a great variety of com-
pounds as electron donors. In fact, the list is quite long: 
H2, hydrocarbons, organic acids, alcohols, amino acids, 
sugars, and aromatic compounds, to name just the broad 
classes. Some of these electron donors are given in Figure 
11.9. Still, acetate is the most important organic com-
pound for natural communities of sulfate reducers. 

This finding was surprising to microbiologists because 
many sulfate reducers were isolated and grown in the 
laboratory with lactate. In spite of acetate and lactate 
being quite similar, both being organic acids that differ by 
only one carbon, several sulfate reducers able to use lac-
tate cannot grow on acetate. This apparent preference for 
lactate over acetate may be a bias introduced through 
cultivation of organisms and growing them in the labora-
tory. Another aspect of sulfate reduction, incomplete oxi-
dation of organic compounds, may be more important in 
the laboratory than in natural environments.
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Table 11.2 Comparison of assimilatory and dissimilatory sulfate reduction.

Characteristic Assimilatory Dissimilatory

Purpose Biosynthesis Energy production
Fate of reduced sulfur Assimilated into organic compounds Excreted
Requires energy? Yes No
Membrane-associated No Yes
Key enzyme (gene) AtP sulfurylase Dissimilatory sulfite reductase (dsr)
Organisms Widespread Deltaproteobacteria and a few others



206 PROCESSES IN MICROBIAL ECOLOGY

Oxidation of reduced sulfur compounds and 
the rest of the sulfur cycle

Sulfate reduction produces hydrogen sulfide and several 
other reduced sulfur compounds. Concentrations of these 
compounds are high in sulfate-rich environments, but 
they do not build up indefinitely, because both biotic and 
abiotic processes oxidize the reduced sulfur compounds 

back eventually to sulfate. Abiotic reactions of sulfide 
and amorphous oxides of iron and manganese are very 
fast. The half-life of sulfide in the presence of colloidal 
manganese oxides can be as short as 50 seconds, for 
example. However, calculations indicate that sulfide should 
persist in the presence of oxygen much longer than it 
actually does if abiotic oxidation were the sole process 
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Box 11.3 Biocorrosion by sulfate-reducing bacteria

In addition to their roles in natural environments, 
sulfate-reducing bacteria (often abbreviated as SRB) 
are big contributors to microbially influenced corro-
sion of ferrous metals. This problem costs hundreds of 
millions of dollars each year in the USA alone. The 
problem starts when aerobic bacteria colonize metal 
surfaces and create anoxic micro-environments for 
sulfate-reducing bacteria. This results in an uneven 
distribution of microbes and biofilm along the metal 
surface, a key feature of biocorrosion. Fueled by H2 
gas and other electron donors, sulfate-reducing bac-
teria accelerate corrosion by producing sulfides 
which combine with Fe2+ from ferrous metals to form 

iron sulfide (FeS), and eventually iron oxides, better 
known as rust (see figure). As these bacteria grow and 
excrete extracellular polymers, other microbes join 
the biofilm, exacerbating the corrosion problem.
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operating, suggesting that biotic oxidation dominates. 
The sulfur cycle is complicated because both biotic and 
abiotic reactions are important and because sulfur can 
take on many oxidation states (Figure 11.10).

There are two types of reduced sulfur oxidation metab-
olisms (Table 11.3). One depends on light and is a form 
of phototrophy, including both photoautotrophy and 
photoheterotrophy; the other does not depend on light 
(“non-phototrophic sulfur oxidation”) and is a form of 
chemolithoautotrophy. The two types are carried out by 
very different organisms and are quite different from the 

phototrophic and heterotrophic metabolisms discussed 
so far in this book.

Nonphototrophic sulfur oxidation
A wide variety of organisms, often called colorless sulfur 
bacteria (they lack pigments), obtain energy from  oxidizing 
sulfide and other reduced sulfur compounds in the 
dark. Sulfide oxidation is carried out by bacteria in the 
Alpha, Beta, Gamma, Delta, and Epsilonproteobacteria, 
and by archaea in the Sulfolobales family. These organ-
isms also oxidize other reduced sulfur compounds, 
such as elemental sulfur and thiosulfate. A common 
reaction is

 H S2 2 4
2 12 796+ → + = −− + −O SO H G kJ molo∆ ’  (11.7).

The reaction can stop at elemental sulfur, which is depos-
ited within the cell where it serves as an energy store. 
Thiothrix nivea oxidizes it further to sulfate, while Beggiatoa 
alba uses elemental sulfur as an electron acceptor and 
reduces it back to hydrogen sulfide.

Sulfide oxidation is an example of chemolithotrophy, 
meaning that these microbes gain energy from the oxi-
dation of inorganic compounds, in this case hydrogen 
sulfide. In essence, hydrogen sulfide takes the place of 
organic compounds (CH2O) in Equation 11.2 and is the 
electron donor:

 H S + 4OH SO H e2 4
2 6 8− − + −→ + +  (11.8).

The electron acceptor is often oxygen, as in Equation 11.3. 
Putting Equation 11.3 and 11.8 together yields Equation 
11.7 and energy for the sulfur-oxidizing microbe.
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Figure 11.10 Inorganic sulfur compounds in the sulfur cycle, 
including the major transformations mediated by microbes. 
The numbers refer to the oxidation state of sulfur in each 
compound. Thiosulfate ( S O2 3

2- ) can be pictured as a sulfate 
molecule with one of the oxygen atoms replaced with sulfide 
(S2−), resulting in the outer sulfur having an oxidation state of 
−2 and the inner one +6. In tetrathionate (S4O6 

2−), two of the 
S atoms are at +5 while two others are at 0, giving an average 
of +2.5.

Table 11.3 Major characteristics of the two main types of sulfur (S) oxidizing bacteria and archaea in nature.

Characteristic Non-phototrophic S oxidizers Phototrophic S oxidizers

Pigments None Bacteriochlorophyll a and others
Role of light None Energy source
Role of reduced S Source of energy and reducing power Source of reducing power and energy
Role of oxygen Electron acceptor for S oxidation Represses photosynthesis, used as electron acceptor for oxidation of reduced 

S (chemolithotrophy) or organic carbon (heterotrophy), or kills cells*
Carbon source CO2 CO2 (when not growing heterotrophically)

* Phototrophic sulfur-oxidizing bacteria are anaerobes that vary in their response to oxygen, depending on the species. Some are strict anaerobes that are 
killed by oxygen.
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Optimal conditions for sulfide oxidation are at the inter-
face between the oxic world, where oxygen concentrations 
are high, and the anoxic world which produces sulfides 
(H2S) by sulfate reduction (Figure 11.11). At this interface, 
oxygen and hydrogen sulfide may overlap but only for 
millimeters. One gammaproteobacterial genus, Beggiotoa, 
is well known to reside at this interface and to glide away 
from high concentrations of either oxygen or sulfide; it 
seeks the interface, not the extremes of either compound. 
It also demonstrates negative taxis against light as part of its 
strategy to avoid high oxygen concentrations produced by 
oxygenic photosynthesis. Beggiotoa may migrate several 
millimeters over a day as oxygen concentrations vary due 
to photosynthesis and aerobic respiration. This bacterium 
and other sulfide oxidizers are microaerophilic, meaning 
they prefer low oxygen concentrations, about 5–10% of 
atmospheric levels.

Other sulfide oxidizers do not remain at the oxic–anoxic 
interface and migrate between the oxic and anoxic layers. 
These organisms use nitrate as an electron acceptor 
for sulfide oxidation, yielding 785 kJ per reaction, only 
slightly less than with oxygen as the electron acceptor. 
The nitrogenous end product is ammonium, although 
some bacteria, such as Thiobacillus denitrificans, produce 
nitrogen gas. Some well-studied examples of nitrate-
reducing, sulfide-oxidizing bacteria are Thioploca and 
Thiomargarita. These bacteria are interesting because 
their cells are huge (750 µm), taken up mostly by a 
nitrate-filled vacuole (Schulz and Jorgensen, 2001). The 

bacteria fill the vacuole with nitrate at the sediment–
water interface where concentrations are high, and then 
migrate deeper into sediments where hydrogen sulfide is 
available.

Still another group of bacteria, “cable bacteria,” don’t 
bother to move up and down to get enough sulfide and 
electron acceptor. Bacteria in the deltaproteobacterial 
family Desulfobulbaceae form long chains of cells with 
one end sticking down into sulfide-rich sediments and 
the other end sticking up into sediment layers with suf-
ficient oxygen or sometimes nitrate (Lovley, 2017). It 
appears that electrons from sulfide oxidation travel up 
the chain to cells with sufficient electron acceptors to 
take on the electrons. In support of the hypothesized 
mechanism, experiments showed that the reaction was 
stopped by slicing horizontally through sediments with a 
thin tungsten wire. How electrons travel along the chain 
is not clear, although it seems the mechanism involves a 
ridge running the length of the chain. Chains of cable 
bacteria can stretch for thousands of cells over several 
centimeters through sediments.

Sulfide oxidation by anoxygenic photosynthesis
The other biotic mechanism for oxidizing reduced sulfur 
is carried out by anaerobic anoxygenic photosynthetic 
(AnAP) bacteria; no archaeon or eukaryote is known to 
have this form of metabolism. The AnAP bacteria and 
their contribution to primary production were discussed 
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in Chapter 6. Although both oxidize sulfide, AnAP bacteria 
and colorless sulfide oxidizers are quite different in 
physiology and phylogeny. Unlike many colorless sulfide 
oxidizers, AnAP bacteria oxidize sulfide without oxygen; 
they are anaerobic and carry out anoxygenic photosyn-
thesis only in the absence of oxygen. ATP synthesis in 
AnAP bacteria is driven by light when growing photosyn-
thetically, supplemented by ATP from sulfide oxidation. 
The phototrophic sulfur oxidizers also use the reduced 
sulfur as an electron source for synthesis of the NADH 
needed for carbon dioxide reduction. Because the 
reduced sulfur replaces the water used by oxygenic photo-
trophic organisms, these AnAP bacteria do not produce 
oxygen (they are anoxygenic), as mentioned in Chapter 6. 
Similar to colorless sulfide oxidizers, AnAP bacteria are 
found at interfaces where light and hydrogen sulfide are 
both present. They are common in waterlogged soils, salt 
marshes, and stagnant pools where their unusual pigments 
can color the water brilliant purples and reds. Nearly all 
AnAP bacteria have bacteriochlorophyll a and often sev-
eral other types of bacteriochlorophyll and carotenoids 
(see Table 6.7 in Chapter 6).

The five main groups of AnAP bacteria differ in their 
potential for heterotrophy, tolerance of oxygen, use of 
different electron donors, and the capacity to grow under 
low light. For example, the purple sulfur bacteria are 
mainly obligate anaerobes (they are killed off by oxygen) 
and rely on photolithoautotrophy. The purple nonsulfur 
bacteria use organic compounds and a great variety of 
other electron donors in place of reduced sulfur for photo-
synthesis; photoorganotrophy is the group’s preferred 
mode of metabolism. The green sulfur bacteria, such as 
Chlorobaculum (formerly Chlorobium) tepidum, are obli-
gate anaerobic phototrophs and can grow under low 
light at rates observed for purple sulfur bacteria grown 
with much higher light intensities. For these AnAP bacteria, 
taxonomy and functioning are connected, both respond-
ing to the patchiness and gradients in light,  substrate 
supply, and oxygen availability.

The carbon source for sulfur oxidizers
Sulfide oxidizers, other chemolithotrophs, and AnAP 
bacteria when not growing heterotrophically use carbon 
dioxide as their carbon source, making them autotrophs. 
The full name of the metabolism carried out by the 

colorless sulfide-oxidizing bacteria is chemolithoauto-
trophy, whereas it is photolithoautotrophy for the AnAP 
bacteria. For colorless sulfide oxidizers, the carbon dioxide 
fixation pathway is the same as for higher plants, eukaryotic 
algae, and cyanobacteria: the Calvin–Benson–Bassham 
(CBB) cycle (Hanson et al., 2012b). Bacteria capable of 
oxidizing elemental sulfur also use the reverse trichloro-
acetic acid cycle (rTCA) or the 3-hydroxypropionate/ 
4-hydroxybutyrate (3-HPP) pathway. Depending on the 
species, AnAP bacteria fix carbon dioxide by the rTCA 
cycle or by the 3-HPP pathway, in addition to the 
CBB cycle.

Methane and methanogenesis

Carbon dioxide reduction is another branch of the anaer-
obic food chain that is common in freshwaters and water-
logged soils where concentrations of sulfate and all other 
electron acceptors are low. What gives this process added 
importance and global significance is the end product 
of carbon dioxide reduction, methane. Although its con-
centration is 100-fold less than that of carbon dioxide in 
the atmosphere, methane is over 20-fold more effective 
than carbon dioxide in trapping heat, as mentioned in 
Chapter 1. Both gases have been increasing, albeit at dif-
ferent rates, since the nineteenth century (Figure 11.12). 

Unlike carbon dioxide, the anthropogenic inputs of 
methane now exceed natural ones—human activity 
accounts for two-thirds of methane emissions (Nisbet 
et al., 2014). Again unlike carbon dioxide, prominent 
anthropogenic inputs of methane are agricultural, with 
emissions via belches and flatulence by cows, other 
ruminants, and termites high on the list. Rice paddies 
and other anoxic habitats on land are also major sources 
of methane, and some methane escapes into the atmos-
phere during mining or transport of natural gas and 
other fossil fuels. Natural gas is mostly methane, 
of which some is directly from methanogens, while the 
rest is from geothermal reactions working on preserved 
organic material.

Methanogenesis is carried out by strict anaerobes in 
the Euryarchaeota phylum of archaea (Whitman et al., 
2001). There are five well-defined orders of methanogens: 
Methanobacteriales, Methanomicrobiales, Methanococcales, 
Methanosarcinales, and Methanopyrales, a deeply branch-
ing order of hyperthermophiles. Its ecophysiology and 
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position in phylogenetic trees suggest that members of 
Methanopyrales arose early in the history of life. As men-
tioned in Chapter 1, one hypothesis is that the first cell 
on the planet used carbon dioxide as an electron acceptor 
and H2 as the electron donor. The methanogens differ in 
their cell wall and how they produce methane, among 
other characteristics.

The anaerobic food chain model emphasizes the role 
of acetate, carbon dioxide, and H2 in producing methane, 
and these compounds are arguably the most important. 
However, several other compounds are potentially 
involved as well (Table 11.4). These include several single 
carbon compounds (C1), such as methanol and even 
carbon monoxide (CO). When carbon dioxide is used, 
the electron donor is H2. The other compounds used in 
methanogenesis undergo a disproportionation reaction 
(Box 11.4), so a reductant is not needed. The following 
equation with formate (HCOO−) is one example of this 
type of reaction:

  4 4 3 22 2HCOO H CH CO H O4
− ++ → + +  (11.9).

This reaction yields slightly less energy than the reduc-
tion of CO2 with H2, but another prominent dispropor-
tionation reaction, that with acetate to produce methane, 
yields much less energy (Table 11.4). Less understood 
is methane production by methanogens using more 
complicated starting material, such as aromatic organic 
material (Mayumi et al., 2016).

Thermodynamics seems to explain why methanogens 
are not abundant and why methanogenesis does not 
operate where other electron acceptors such as oxygen, 
ferric iron, and sulfate are present. Sulfate reduction 
and all other forms of respiration are energetically more 
favorable than methanogenesis. However, thermodynam-
ics does not explain how this energetic advantage is 
manifested at the physiological level of the microbes. 
The energetic advantage shows up in uptake kinetics 
for two key compounds used by both methanogens and 
sulfate reducers. When sufficient sulfate is available, 
 sulfate reducers outcompete methanogens because 
the half-saturation constants (Km) for acetate and H2 
use by sulfate reducers are much lower than those for 
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Table 11.4 Reactions and energetic yields for 
methanogenesis. Taken from Garcia et al. (2000).

Reaction Energetic 
yield (ΔGo’, 
kJ mol-1 CH4)

H2 + CO2 → CH4 + 2H2O −135.6
4 Formate → CH4 + 3CO2 + 2H2O −130.1
2 Ethanol + CO2 → CH4 + 2 Acetate −116.3
4 Methanol → 3CH4 + CO2 + 2H2O −104.9
4 Methylamine + 2H2O → 3CH4 + CO2 + 4NH4

+ −75.0
4 trimethylamine + 6H2O → 9CH4 + 3CO2 + 4NH4

+ −74.3
2 Dimethylsulfide + 2H2O → 3CH4 + CO2 + H2S −73.8
Acetate → CH4 + CO2 −31.0
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 methanogens (Muyzer and Stams, 2008). Consequently, 
uptake by sulfate reducers and other microbes decreases 
 acetate and hydrogen concentrations to levels too low 
for methanogenesis to operate.

The most important biotic source of methane is 
methanogenesis by strict anaerobic archaea that are 
active only in anoxic habitats. So any hint of another 
methane-producing process carried out by other organ-
isms, or of methane in an oxic habitat, attracts lots of 
attention. Anything about this potent greenhouse gas is 
newsworthy. Some oxic habitats can have measurable 
methane because they are near anoxic habitats with high 
methanogenic activity, and anoxic micro-habitats in an 
otherwise oxic habitat can harbor active methanogens. 
More unusual are reports of methane production by 
organisms other than archaea, such as bacteria, fungi, 
algae, and even higher plants by a variety of mechanisms, 
some better understood than others (Lenhart et al., 2016; 
Nisbet et al., 2009). One mechanism involves bacteria 
using methylphosphonate (CH3HPO3

-) in oxic habitats 
(Yao et al., 2016); this unusual organic compound with 
its C–P bond is broken down by microbes to obtain the P, 
releasing methane as a waste product. Other work has 
suggested that the C–P lyase pathway acting on other 
C–P compounds, such as polysaccharide esters of phos-
phonic acids, produces methane (Repeta et al., 2016). 

However, the amount of methane from this and all of the 
other aerobic pathways is small compared with that from 
methanogenesis by archaea.

Methanotrophy

Methane is produced by methanogens as a by-product 
of energy-generating reactions, yet ironically the gas is 
used by many “methanotrophic” microbes as an energy 
source. Methanotrophy is an important part of the car-
bon cycle in methane-rich environments and contrib-
utes to setting methane fluxes out of those environments. 
Atmospheric methane concentrations would be even 
higher if not for methanotrophy. Environments such as 
rice paddies with high rates of methanogenesis can 
have equally high rates of methanotrophy, although 
only about 20% of the methane produced in rice paddies 
is oxidized by methanotrophs before reaching the atmos-
phere (Conrad, 2009). Globally, soils are the dominant 
biological sink for atmospheric methane. Once in the 
atmosphere, methane can be oxidized by ·OH radicals, 
resulting in a residence time of about eight years.

Aerobic methane degradation
As with sulfide, another by-product of anaerobic metab-
olism, methane is oxidized by aerobic methanotrophs 
situated at the interface between oxic and anoxic habi-
tats. Methane oxidation with oxygen as the electron 
acceptor is described by
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(11.10).

The known aerobic methanotrophs mostly are Alpha- 
and Gammaproteobacteria and differ in key steps in the 
methane oxidation pathway (Figure 11.13). All methano-
trophs have internal membranes presumed to be involved 
in methane oxidation, although the arrangement of these 
membranes differs among the types of methanotrophs. 
All known methanotrophs also have the same first step 
in the pathway, the oxidation of methane to methanol 
by particulate methane mono-oxygenase (pMMO); “par-
ticulate” here refers to membranes. Only one methano-
troph (Methylocella) does not have pMMO, while many 
also have a soluble methane mono-oxygenase.

Box 11.4 Disproportionation

Methanogenesis using acetate is a disproportion-
ation reaction. This type of reaction (also called dis-
mutation) can be described as 2A → A’ + A”, where 
A, A´, and A” are different chemicals but contain 
the same main element, such as carbon in Equation 
11.9. Fermentation can be considered as a type of 
disproportionation. Other examples of dispropor-
tionation are those involving sulfur compounds of 
intermediate oxidation state. One reaction is

4 4 22 2 4
2S H O 3H S SO Ho + → + +− +

A variety of obligate anaerobic bacteria carry out 
disproportionation reactions of sulfur compounds. 
These reactions have only relatively recently been 
discovered, long after fermentation was well 
understood.
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Methanotrophs generally use only methane, although 
many can also use methanol (CH3OH), and at least one 
has been shown to use acetate (Conrad, 2009). While 
some methanotrophs can oxidize other compounds, 
they cannot grow on these. A soil bacterium in the 
Verrucomicrobia phylum is able to simultaneously use H2 
and methane (Carere et al., 2017). Methanotrophs are 
often included in a broader group of bacteria, “methylo-
trophs,” defined by the capacity to oxidize and grow on 
compounds with only one carbon atom (C1) such as 
 formate and carbon monoxide, in addition to methane 
and methanol.

Anaerobic methane oxidation
Long after the discovery of aerobic methanotrophy, 
microbes were found to be carrying out the anaerobic 
oxidation of methane (AOM). AOM has generated much 
interest and research over the last few years. Just as any 
methane-producing process attracts attention, so too 
do processes that consume this potent greenhouse gas. 

Microbiologists and microbial physiologists are intrigued 
by the intricate, anaerobic biochemical pathways that 
turn methane back into CO2, and microbial ecologists 
are fascinated by the novel interactions between archaea 
and bacteria involved in AOM. There is even the possibil-
ity of harnessing AOM to produce electricity in microbial 
fuel cells (McAnulty et al., 2017).

The discovery of AOM was delayed in part because 
microbiologists did not think it was possible. But  
geochemists long had evidence that methane was con-
sumed in anoxic sediments by the following reaction 
(Figure 11.14):
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Microbiologists were not convinced that microbes 
 mediated this reaction because they were unable to 
 isolate an organism capable of carrying it out. Early 
work did show that isolates of methanogens can oxi-
dize methane anaerobically (Zehnder and Brock, 1979), 
but the rates were not high enough to explain the geo-
chemical evidence. Nevertheless, Zehnder and Brock 
proposed that in nature methane is oxidized by meth-
anogens carrying out “reverse methanogenesis” that 
produce H2 or acetate which is subsequently used by a 
sulfate reducer.

An important piece of the puzzle was more geochem-
ical evidence indicating that the lipids of archaea were 
highly depleted in 13C in sediments near a methane seep 
(Hinrichs et al., 1999). The 13C data made sense only if 
the lipid carbon came from methane; both methano-
genic and geothermal production of methane favors 12C 
over the heavier 13C, resulting in very negative δ13C val-
ues for methane. Analysis of the 16S rRNA genes turned 
up a new cluster of archaea, ANME-1 (anaerobic metha-
notrophic Euryarchaeota), related to methanogens. Soon 
after the geochemical study, microbial ecologists applied 
fluorescence in situ hybridization (FISH) to samples from 
methane seeps and found aggregates of archaeal cells 
surrounded by sulfate-reducing bacteria (Boetius et al., 
2000). More 16S rRNA gene sequencing revealed that 
the archaeal cells were in another cluster, ANME-2, 
related to ANME-1. Data showing that ANME-2 cells carry 
out methane oxidation came from FISH-type experiments 
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Figure 11.13 Pathway for aerobic methane oxidation. 
Two key enzymes are pMMO = particulate methane 
mono-oxygenase (and the gene pmoA for one of the 
pMMO subunits, a common target for studying 
uncultivated aerobic methanotrophs) and sMMO = soluble 
methane mono-oxygenase. RuMP = ribulose 
monophosphate, H4F = tetrahydrofolate, H4MPT = 
tetrahydromethanopterin, and CBB = Calvin–Benson–
Bassham cycle. Type 1 and Type X methanotrophs use the 
RuMP pathway, while Type II uses the serine pathway. The 
steps with electrons (e−) indicate connections to the electron 
transfer system and ATP production. Modified from 
Chistoserdova et al. (2005).
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using secondary ion mass spectrometry (SIMS), which 
demonstrated that organic carbon in the archaeal cells 
was highly depleted in 13C (Orphan et al., 2001).

The initial studies focused on AOM coupled to sulfate 
reduction in which an archaeon oxidized the methane via 
reverse methanogenesis, producing electrons that were 
somehow transferred via “interspecies electron carriers” 
to a sulfate-reducing bacterial partner (Figure 11.15). 
More recent work has addressed the interspecies elec-
tron carriers and the need for a bacterial partner. Some 
obvious candidates for the carriers were the two origin-
ally suggested by Zehnder and Brock: H2 and acetate, 
both well-known to be important in anaerobic metabol-
ism. But these and others were shown not to be involved 
in AOM. There is some evidence for polysulfides. Even 
more intriguing is the direct transfer of electrons from a 
ANME cell to the sulfate-reducing bacterium via multi-
heme cytochrome c proteins (McGlynn et al., 2015) or 
electrically conductive pili, an example of direct interspe-
cies electron transfer (Lovley, 2017). 

There is evidence, however, of archaea carrying out 
AOM without any syntrophic bacterial partner. For 
example, ANME-2d alone can anaerobically oxidize 
methane using nitrate as the electron acceptor (Haroon 

et al., 2013). Still, ANME-2d do form consortia with 
another type of bacterium, one that anaerobically oxidizes 
nitrite to N2 gas (Haroon et al., 2013). This helps ANME-2d 
by removing an end product of AOM (nitrite), thus making 
the reaction more thermodynamically favorable.
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Figure 11.14 Geochemical evidence for the anaerobic oxidation of methane (AOM). The minimum in sulfate concentrations 
coinciding with the disappearance of methane without any oxygen can only be explained by AOM. It would also explain the 
low amount of 13C in the CO2 pool (low δ13CO2). Data from Reeburgh (1980).
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Figure 11.15 Anaerobic methane oxidation by archaea 
(shaded rectangles) surrounded by sulfate-reducing bacteria 
(open ovals). The cells are much closer together than 
actually depicted here. The main text describes possible 
mechanisms for transferring electrons (e−) from the ANME 
archaea to the sulfate reducers.
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More has been learned about the diversity of microbes 
carrying out AOM from additional work with 16S rRNA, 
other genes, and metagenomic approaches; so far, no 
ANME strain has been isolated and maintained in pure 
culture. Studies of a key functional gene, the alpha 
subunit of methyl-coenzyme M reductase (mcrA), have 
told us much about ANME diversity and relationships 
to known methanogens. Many insights into possible 
AOM metabolism have also come from metagenomes of 
these organisms (Timmers et al., 2017). In addition to 
ANME-1, the ANME-2 clade now appears to have at 
least four subclades (ANME-2a, -2b, -2c, and -2d), and 
there is ANME-3, related to the methanogen Methano
coccoides. These ANME clades are not closely related, 
having 16S rRNA genes that are only 75–92% similar to 
each other. They appear to occur in different environ-
ments, possibly use different electron acceptors, and 
interact or not with bacterial partners by different mech-
anisms. For example, ANME-2d is found in freshwaters 
and soils, while the other clades have been found in 
marine sediments. AOM may be substantial in anoxic 
soils (Gauthier et al., 2015).

AOM may not seem likely in soils or other environ-
ments with low sulfate concentrations, but methane oxi-
dation is now known to occur in non-marine anoxic 
environments and to involve other electron acceptors 
that potentially yield even more energy than sulfate 
(Table 11.5). Some AOM activity may be carried out by 
bacteria coupled to the reduction of nitrite (NO2

−) with-
out help from archaea (Ettwig et al., 2010). These bacteria, 
belonging to a poorly characterized phylum known only 
as “NC10,” reduce nitrite to N2 gas and generate molecular 
oxygen which then is used by the bacterium’s pMMO 
in aerobic methane oxidation. A partnership between 

ANME-2d and an anaerobic ammonium- oxidizing 
(anammox) bacterium may also produce N2 gas during 
AOM (Haroon et al., 2013). Whatever the mechanism, 
methane could fuel the loss of nitrogen from the 
environment.

Microbial ecologists have progressed greatly from the 
days of not believing that AOM existed, yet much more 
needs to be done before we completely understand this 
important process.

Anaerobic microbial eukaryotes

While bacteria and archaea dominate anoxic environ-
ments, some eukaryotes are present and are active. Some 
metazoans can survive in the absence of oxygen, occa-
sionally for extended periods of time, but none can 
reproduce and live indefinitely without oxygen. 
Metazoans are also affected by by-products from 
anaerobic metabolism, most notably hydrogen sulfide 
(H2S), which is toxic to many organisms. Much more 
successful in anoxic environments are protists and fungi. 
Yeasts are well known for their fermentation pathways 
and end products, and there are studies of their distri-
bution in vineyards, fruits, and soils, but little is known 
about their role in anoxic environments. Anaerobic 
protists include species of flagellates (including dino-
flagellates) and ciliates. Like metazoans, some protists 
may switch metabolisms to survive anoxia, or form rest-
ing stages (cysts) and wait until oxygen returns.

The ecological roles of eukaryotic microbes in anoxic 
environments are similar to those seen in oxic environ-
ments, but overall the contribution of these microbes is 
much reduced. Fungi are not as abundant nor do they 

Table 11.5 Possible electron acceptors, energy yield, and ANME clades involved in the anaerobic oxidation of methane. 
The potential energetic yield is the change in the Gibbs free energy under standard conditions (ΔGo). Data from Timmers 
et al. (2017).

Electron acceptor Reaction ΔGo (kJ mol-1) ANME clades

Sulfate CH4 + SO4
2− → HCO3

− + HS− + H2O −16.3 ANME-1; ANME-2a,-2b, and -2c
Nitrate CH4 + 4NO3

− → HCO3
− + 4 NO2

− + H2O + H+ −517.2 ANME-2d
Iron oxide CH4 + 8Fe(OH)3 + 16H+ → CO2 + 8Fe2+ + 22H2O −571.2 ANME-2d; ANME-3
Manganese oxide CH4 + 4MnO2 + 8H+ → CO2 + 4Mn2

+ + 6H2O −763.2 ANME-3
Chromium CH4 + 4/3Cr2 O7

2− + 32/3H+ → 8/3Cr3
+ + CO2 + 22/3H2O −841.4 ANME-2d
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degrade as much organic material in anoxic as in oxic 
environments. Mineralization via fermentation by dia-
toms may occasionally be substantial (Bourke et al., 2017), 
but bacteria and archaea usually are more important. 
Anaerobic protists can graze on other microbes in anoxic 
environments, but the few studies examining this pro-
cess have found low rates (Oikonomou et al., 2014). 
A few microbial eukaryotes can carry out one form of 
anaerobic respiration, dissimilatory nitrate reduction, 
and contribute to the N cycle (Kamp et al., 2015). The 
first eukaryote shown to carry out dissimilatory nitrate 
reduction was the freshwater ciliate Loxodes, which 
reduces nitrate to nitrite. Since then, the list of nitrate-
respiring eukaryotes has grown to include diatoms, other 
protists (foraminifera), and fungi.

Overall, however, the abundance and diversity of 
eukaryotes in anoxic environments is low. Except for the 
assimilation of sulfate and organic sulfur for biomass 
synthesis, eukaryotes are not directly involved in the 
 sulfur cycle. With regard to the carbon cycle, eukaryotes 
may produce some methane but only in oxic environ-
ments, and they do not consume this important green-
house gas.

While their diversity and abundance may be low, 
some anaerobic protists are important and interesting 
for other reasons. Giardia is an anaerobic flagellate that 
lives in the small intestine of humans and other animals, 
causing diarrhea when it attaches to epithelial cells of its 
host. It survives outside its host as a cyst and is transmit-
ted by ingestion of fecal-contaminated water. Aside from 
public health concerns, Giardia and related organisms, 
including those in the trichomonad order, are interesting 
because they provide clues about the evolution of primi-
tive eukaryotes. Giardia and other anaerobic protozoa 
occupy deep branches in the Tree of Life, suggesting that 
they were among the first eukaryotes to appear on the 
planet (Figure 11.16).

Further support for that hypothesis came from the 
observation that these protozoa lack mitochondria. At 
first, the microbes appeared to be missing links between 
prokaryotes and fully equipped eukaryotes, but subse-
quent work demonstrated that amitochondriate proto-
zoa lost their mitochondria during evolution while 

retaining some mitochondria-like proteins (Smith and 
Keeling, 2015). In some protozoa, the mitochondrion 
evolved into a hydrogenosome where ATP is generated 
from the oxidation of pyruvate, producing H2 as a by-
product. Other anaerobic protozoa, including Giardia, 
have a mitochondrion-like organelle, called a mitosome, 
whose function remains unknown. Mitosomes are much 
smaller than mitochondria and are not involved in ATP 
generation. They may synthesize Fe–S proteins. Some 
anaerobic  protozoa have symbiotic bacteria or methano-
genic archaea. One cellulose-degrading protozoan is 
lined with a wriggling fringe of motile spirochetes, a type 
of bacterium, that has been hypothesized to be the pre-
decessor of cilia in eukaryotes (Wier et al., 2010).

While protists and other microbial eukaryotes may 
not contribute much to biogeochemical processes in 
anoxic habitats, they are important in thinking about 
early life on the planet and provide more fascinating 
examples of diversity in the microbial world.
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Figure 11.16 Tree of Life, with an emphasis on anaerobic 
organisms. All taxa with a * have representatives that can 
grow in anoxic habitats. The protistan groups without 
mitochondria are Diplomonads (which includes Giardia), 
Parabasalids, and Microsporidians. This tree was modified 
from one in Dacks and Doolittle (2001).



216 PROCESSES IN MICROBIAL ECOLOGY

Summary

 1. Thermodynamics explains why oxygen and nitrate are preferred electron acceptors, whereas sulfate and 
carbon dioxide are major terminal electron acceptors in anoxic environments because of their high 
concentrations.

 2. In the absence of oxygen, organic material is mineralized by a complex consortium of microbes in the 
anaerobic food chain. Two key compounds include acetate and H2 produced by fermenting bacteria and 
acetogens. These compounds are then taken up by bacteria using sulfate or carbon dioxide as terminal 
electron acceptors.

 3. Hydrogen sulfide and other reduced sulfur compounds produced by sulfate reduction are oxidized in the 
dark by colorless sulfur-oxidizing bacteria and in the light also by anaerobic anoxygenic phototrophic 
bacteria.

 4. Methane, an important greenhouse gas, is produced only by strictly anaerobic archaea from the reduction 
of carbon dioxide coupled to the oxidation of H2, or from the disproportionation of acetate, methanol, 
methylamines, and a few other compounds. Methanogens are outcompeted by sulfate reducers who use 
many of these same compounds, especially acetate and H2.

 5. Methane is degraded aerobically by specific methanotrophic bacteria or anaerobically by archaea in the 
ANME clades, carrying out reverse methanogenesis, sometimes in tight consortia with sulfate-reducing 
bacteria.

 6. Although a few protists are capable of generating ATP from dissimilatory nitrate reduction, most anaerobic 
protists gain energy from fermentation. In many of these microbes, the mitochondrion has evolved into 
hydrogenosomes or mitosomes, providing fascinating examples of evolution in progress.




