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IMPORTANCE OF ATMOSPHERIC TRACE GASES

The composition of Earth’s atmosphere is the result of dy-
namic processes; it has changed in the past and is changing at
the present. The most dramatic change in the past was that
from an anoxic to an oxic atmosphere. This change occurred

slowly over about 2.5 Gyr and was caused by the emergence of
oxygenic photosynthesis (239, 458). The dramatic changes oc-
curring in the atmosphere at present are due to the steady
increase in the amount of CO2 and several other trace gases
(124, 405). Atmospheric theory predicts that changes in the
concentrations of these gases will have dramatic consequences
for the habitability of our planet (78, 83, 131–133, 135, 152,
367, 413, 414, 537). These consequences include (i) global
warming due to the increased abundance of greenhouse gases,

* Mailing address: Max-Planck-Institut für terrestrische Mikrobiolo-
gie, Karl-von-Frisch-Str., D-35043 Marburg, Germany.
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mainly CO2, CH4, and N2O; (ii) destruction of the strato-
spheric ozone layer due to the increased abundance of halo-
genated compounds and N2O; (iii) an increase in the amount
of tropospheric ozone due to the increased emission of NOx,
CO, and hydrocarbons; and (iv) changes in the density of
clouds in the troposphere and aerosol in the stratosphere due
to changed emissions of dimethyl sulfate (DMS) and OCS,
respectively. Many of the theoretical predictions have been
confirmed by recent observations, e.g., the destruction of
stratospheric ozone at higher latitudes (517, 569). However,
many of the mechanisms responsible for changes in atmo-
spheric composition are uncertain, as is the extent of future
change (405). The biosphere in particular is one of the least
understood components in the cycles of CO2 and of atmo-
spheric trace gases.
With the exception of the main constituents, i.e., N2, O2, Ar,

and CO2, trace gases in the atmosphere occur at mixing ratios
of less than 20 ppmv (261). Atmospheric scientists preferen-
tially describe the abundance of a compound in terms of vol-
ume mixing ratios (e.g., ppmv5 1026 and ppbv5 1029), which
can be converted to concentrations (e.g., moles per cubic
meter) if the pressure and temperature are known (564). With
exception of the noble gases Ar, Ne, Kr, and Xe, which slowly
accumulate in the atmosphere, all other constituents undergo
cycles that are more or less dominated by the biosphere, in-
cluding humans (261). Only a few trace gases (e.g., He and Rn)
exhibit cycles that are governed purely by physicochemical
processes. Others (e.g., the freons CFCl3 and CF2Cl2) are
biologically inert and are being introduced into the atmosphere
by human activity (210, 367). However, most of the atmo-
spheric trace gases undergo cycles that have significant bio-
spheric components or are even dominated by biospheric pro-
cesses. For purposes of understanding trace gas dynamics, the
biosphere can be separated into habitats (ocean, soil) and
organisms (vegetation, animals). Soils are of particular inter-
est, since they are one of the most important habitats for
microorganisms. For example, in an agricultural soil, microor-
ganisms are present at billions per g of soil and constitute a
biomass of approximately 500 kg of C per ha (250), which
corresponds to about 1 sheep per 100 m2 (13).

CONTRIBUTION OF SOILS TO THE BUDGETS OF
ATMOSPHERIC TRACE GASES

Soils contribute to the budgets of many atmospheric trace
gases by acting as sources or sinks. The most important of
these trace gases include CH4, CO, OCS, H2, N2O, and NO
(Table 1). CCl2F2, CH3CCl3, and DMS are also important for
various reasons but are largely unaffected by soils. CCl2F2 and
CH3CCl3 are produced exclusively by industry, and DMS is
produced almost exclusively by plants and oceanic phytoplank-
ton. The absolute values of total budgets and percent contri-
butions by soils should not be taken for granted, because the
individual source and sink strengths are highly uncertain. The
uncertainty is illustrated by looking, e.g., at the budget of CH4
as it was repeatedly updated over the years (43, 84, 134, 164,
274, 405). Two points are striking: (i) the large range for most
of the source strengths and (ii) the variations of the mean
values estimated by the various authors.
There are a number of reasons for the variations, which

cannot be discussed here in detail. The ranges of the soil
sources and sinks, in particular, are highly uncertain. Although
fluxes of trace gases between soil and atmosphere can be mea-
sured with some reliability by using various approaches (343),
it is not trivial to estimate atmospheric budgets from field
fluxes (516). The problem is that the fluxes generally show a
high variability with respect to site and time. Integration of
fluxes over larger areas and extended periods does not neces-
sarily solve the problem, since each individual flux event is
caused by deterministic processes that change in a nonlinear
way when conditions change even slightly. In addition, soils are
presently looked upon as a macroscopic system, although the
function is controlled predominantly on a microscopic level,
i.e., the level of the microorganisms. Perhaps only 1 to 10% of
the existing soil bacterial species are known (61, 542). It is
possible that a group of microorganisms with a particular func-
tion consists of populations of many different species, but vir-
tually nothing is known about the dynamics of these popula-
tions and their regulation in soil. Clearly, we need to learn
more about this microscopic level before we can safely make
adaptations to the right scaling of flux measurements or of
other experiments that aim to understand the role of soils in
the dynamics of the composition of the atmosphere.

TABLE 1. Contribution of soil to the global cycles of atmospheric trace gases

Trace gas Mixing ratio
(ppbv)

Lifetime
(days)

Total
budget
(Tg yr21)

Annual
increase
(%)

Contribution (%)
of soils as: Importance References

Source Sink

H2 550 1,000 90 0.6 5 95 Insignificant 88, 271
CO 100 100 2,600 1.0 1 15 Tropospheric chemistry 88, 272
CH4 1,700 4,000 540 ,0.8 60 5 Greenhouse effect; tro-

pospheric and strato-
spheric chemistry

84, 270, 405, 512

OCS 0.5 1,500 2.3 0 25 ?a Formation of strato-
spheric aerosol

12, 80, 81, 366, 432

N2O 310 60,000 15 0.2–0.3 70 ? Stratospheric chemistry;
greenhouse effect

52, 140, 273, 405

NO ,0.1 1 60 ? 20 ? Tropospheric chemistry 91, 140
DMS ,0.1 ,0.9 38 ? ,0.1 0 Cloud formation 78, 397
CH3CCl3 0.14 2,200 0.20 23.4 0 0 Calibration of OH 406
CF2Cl2 0.48 44,000 0.45 ,5 0 0 Stratospheric chemistry;

greenhouse effect
83, 135, 405

a Unknown.
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MECHANISMS OF PRODUCTION AND
CONSUMPTION OF TRACE GASES

Some aspects of soil processes involved in the exchange of
the trace gases CH4, H2, CO, OCS, N2O, and NO between the
soil and the atmosphere have been reviewed recently (94–96,
223). In principle, one has to distinguish between the processes
that are known to produce or consume these gases but are
probably irrelevant at the low concentrations typical of atmo-
spheric trace gases and the processes that really play some role
in the gas exchange between soil and atmosphere. The latter
processes are summarized separately for upland and lowland
soils (for definitions, see below) in Table 2. Three different
categories of soil processes play a role in trace gase exchange:
chemical processes, enzymatic processes, and microbial pro-
cesses.

Chemical Processes

Chemical reactions in soil can be distinguished from biolog-
ical reactions by autoclaving or similar procedures (60). These
procedures often create ambiguous results, because chemical
reactions are also affected. A better approach involves testing
for the existence of a temperature optimum. The latter is an
unambiguous indication of a biological reaction (411).
Chemical production of H2 often occurs as an artifact when

wet environmental samples are brought into contact with ma-
terial consisting of iron or steel. The H2 production that is
caused by corrosion of elemental iron can serve as energy
source for chemolithotrophic bacteria, e.g., sulfate reducers
and methanogens (190, 577). Chemical H2 production has also
been observed in the saturated zone of deep aquifers, partially
as an artifact during drilling, but apparently also as a product
of various chemical reactions taking place in the rock material
in situ (39). This chemical source of H2 can apparently support
the growth of chemolithotrophic bacteria (e.g., methanogens)
in deep aquifers (515). The role of chemical H2 production in
soil has not been investigated explicitly, but it seems to be
negligible compared with that of H2 consumption processes
(113).
CO production in soil is dominated by chemical reactions.

Autoclaved or otherwise killed soil samples show higher CO
release rates than do live soil samples (114, 118). Autoclaving
probably alters soil organic matter so that it can more easily
decompose to CO. In fresh soil, CO production rates increase

with temperature according to the Arrhenius law without
reaching an optimum temperature (118), demonstrating that
CO production is dominated by chemical processes. CO is
apparently produced from the thermal decomposition of hu-
mic acids and other organic material (118). In the field, the CO
flux between soil and atmosphere is strongly dependent on the
magnitude of chemical production which results in net CO
emission when the level of organic carbon in soil is high or the
soil temperature is high, i.e., during early afternoon (119, 453).
Chemical processes also seem to be involved in the produc-

tion and consumption of OCS in soil, since autoclaving or g-ray
treatment does not completely abolish activity (315). However,
one of four soils tested exhibited a clear temperature optimum
for both production and consumption. The chemical reactions
involved in OCS production and consumption in soil are un-
known.
Nitrous oxide (N2O) can be produced chemically by decom-

position of hydroxylamine, but this reaction seems to be of no
or little importance under field conditions (55, 363). On the
other hand, NO production in soil can be caused by chemical
processes, most importantly the decomposition of nitrite (74,
352). Since nitrite is destroyed during autoclaving, lack of NO
production in autoclaved soil is not necessarily proof of bio-
logical NO production (141, 353). On the other hand, readdi-
tion of nitrite to autoclaved soil or addition of small amounts
of nitrite to natural soil often increases the NO production
dramatically (44, 141, 486). This effect is probably caused by
contact of the added nitrite with reactants that otherwise
would not have led to its chemical decomposition. Sterilization
of soil with g-rays instead of autoclaving results in a similar
effect since it stimulates nitrite production from nitrate (73).
Therefore, it is presently not possible to exactly quantify the
contribution of nitrite decomposition to NO production. How-
ever, in most soils, nitrite concentrations are very low. Chem-
ical decomposition would rapidly deplete this pool, if it were
not replenished by the microbial activity (nitrifiers and nitrate
reducers). Under steady-state conditions, microorganisms thus
control NO production, even if the mechanism of production is
chemical. However, a peak of chemical NO production can be
initiated by desiccation of soil. Desiccation probably increases
nitrite concentrations and decreases pH, thus creating reactive
levels within microsites (141).
In contrast, it is relatively easy to assess the contribution of

chemical processes to the decomposition of NO. Autoclaving

TABLE 2. Microorganisms and reactions important in the production and consumption of atmospheric trace gases in aerated
upland soils and anoxic wetland soils

Trace gas
Production in: Consumption in:

Upland soil Wetland soil Upland soil Wetland soil

H2 N2-fixing bacteria Fermenting bacteria Abiontic soil hydrogenases Methanogens, sulfate reducers,
ferric iron reducers, (Knallgas
bacteria)a

CO Chemical conversion of
organic carbon

Uncharacterized anaerobic
bacteria

Ammonium oxidizers Uncharacterized anaerobic bac-
teria, (carboxydotrophs)

CH4 Unknown Methanogens Unknown methanotrophs (Common methanotrophs)
OCS Microbes with thiocyanate

hydrolase, unknown
reactions

Microbes with thiocyanate
hydrolase, unknown re-
actions

Microbes with carbonic
anhydrase, unknown
reactions

Microbes with carbonic anhy-
drase, unknown reactions

N2O Nitrifiers, denitrifiers,
DNRA

Denitrifiers, DNRA, (nitri-
fiers)

Denitrifiers Denitrifiers

NO Nitrifiers, denitrifiers,
DNRA, chemical de-
composition of nitrite

Denitrifiers, DNRA, (nitri-
fiers)

Denitrifiers, heterotrophic
bacteria, methanotrophs

Denitrifiers, (methanotrophs,
heterotrophic bacteria)

a Parentheses indicate that the enclosed is important only in oxic niches such as the soil surface or rhizosphere.
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soil usually abolishes any NO uptake at low concentrations
(254, 424). This observation is reasonable since the chemical
oxidation of NO to NO2 by O2 is a termolecular reaction that
depends on the square of the NO concentration. Hence, chem-
ical NO oxidation is significant only at relatively high NO
mixing ratios. Whereas at 10 ppbv the half-life of NO is about
104 h, it is on the order of ,1 h at mixing ratios of .100 ppmv
(201).
Recently, we observed that the reaction of trace amounts of

NO with O2 is strongly enhanced if acetylene is present in
mixing ratios of.0.1% (45, 46). Under natural conditions, this
reaction is not relevant. However, it does play a role when
denitrification rates in aerated soils are assayed by the acety-
lene blocking technique (143, 287, 391). In this case, the acet-
ylene-catalyzed oxidation of NO results in the scavenging of
nitrogen that would otherwise have accumulated as N2O and
thus results in a significant underestimation of the denitrifica-
tion rate (Fig. 1).

Soil Enzymatic Processes

Soil enzymatic processes refer to the so-called abiontic en-
zymes (which by definition are free extracellular enzymes, en-
zymes bound to inert soil particles, enzymes within dead or
nonproliferating cells, and enzymes associated with dead cell
fragments) (498). Although the definition is straightforward, in
practice it is difficult to differentiate between abiontic soil en-
zymes and the normal enzymes that are active in living micro-
organisms. The usual approach is to test enzyme activity after
application of sterilizing agents, assuming that after inactiva-
tion of the living microbes, the residual enzymatic activity is
due to abiontic soil enzymes. This approach is ambiguous,
since the killing of microorganisms does not necessarily inac-
tivate all of their enzymes. An example is the use of toluene as
the sterilizing agent, which, however, can also be used to per-
meabilize (and kill) microorganisms for the assay of intracel-
lular enzymes (249, 390).
Nevertheless, the criteria for abiontic soil enzymes are firmly

established in soil science (68, 151, 497), and by applying these
criteria, it can be shown that H2 oxidation in soil is due to
abiontic soil hydrogenases (115). In addition, no microorgan-
ism has so far been found that would fit the kinetic properties
of active soil, i.e., exhibiting a Km in the range of tens of ppmv
of H2 (equivalent to tens of nanomoles per liter in soil solu-
tion), although many different microorganisms and soil isolates
have been tested (112, 122, 225, 291, 469). Obviously, the
enzyme(s) responsible for the oxidation of atmospheric H2 has
to be isolated directly from soil to find out its molecular nature
and origin. So far, abiontic soil hydrogenases are the only
enzymes that appear to be important for trace gas exchange
between soil and atmosphere. In fact, this activity represents

about 95% of the global sink strength in the atmospheric H2
budget (88).
Soil catalase reaction has been proposed to be involved in

the decomposition of N2O (548, 549), but this possibility has
not been pursued.

Microbial Processes

Most of the trace gas production and consumption processes
in soil are probably due to microorganisms. Trace gases can
play different roles in the metabolism of microorganisms, i.e.,
as growth substrates, as cometabolites, as stoichiometric prod-
ucts, and as miscellaneous products, sometimes of unclear or-
igin.
Growth on a substrate requires that the utilization of the

substrate allow the generation of sufficient energy to cover
maintenance plus biosynthesis costs. For the consumption of
atmospheric trace gases, this means that two conditions must
be met. (i) The Gibbs free energy of the consumption reactions
at the actual ambient concentration must be sufficiently exer-
gonic. This is not a problem for oxidation reactions with O2,
nitrate, or ferric iron as the electron acceptor but is a problem
for other electron acceptors, especially bicarbonate reduction
to acetate or CH4 (see below). (ii) The consumption reaction
must be sufficiently fast to match the maintenance require-
ments. This means that the Vmax/Km ratio must be at least as
high as the maintenance coefficient (87). Since there are limits
for increasing Vmax, i.e., the number of active enzyme mole-
cules per cell, the ability to consume trace gases at low ambient
concentrations is actually limited by the relative magnitude of
the Km, which must be sufficiently low. This kinetic limitation
applies generally and is critical for aerobic reactions, such as
the oxidation of trace gases with O2 (87).
Because of these constraints, it is not unexpected that trace

gases are seldom utilized at ambient concentrations for growth.
However, they can instead be used as additional substrates
with supporting microbial growth or as cometabolites without
supporting growth. The constraints outlined above do not ap-
ply for additional substrates or cometabolites. A rigorous test
for support of growth is to show that the trace compound is
assimilated into biomass (easily done by applying radiocarbon
tracers in the case of CO and CH4), that it supports the gen-
eration of ATP, or that the growth yield is increased by the
utilization of the trace gas. If these tests are negative, it is likely
that the trace gas is cometabolized. There are several enzymes
that are known to catalyze the conversion of trace gases in
addition to the conversion of the physiologically meaningful
substrate (see below).
To test whether the trace gas metabolism in soil can be

caused by a particular microorganism, it is useful to study the
kinetics of the consumption of a trace gas in both systems (87).
In particular, the Km and threshold values that are observed in
the microbial cultures should be consistent with those observed
in the soil. This is a necessary criterion whenever microorgan-
isms with a particular Km dominate the consumption process in
soil, independent of whether they use the trace gas for growth
or cometabolism. However, this criterion is often not fulfilled
(Table 3), and then the responsible microorganisms must be
considered as unknown. An example is as follows. Consump-
tion of atmospheric CH4 in soil is achieved by a microbial
activity with a low Km value for CH4, typically in the nanomolar
range (33, 34, 136, 160). Known cultures of methanotrophs
have Km values in the micromolar range (281). So far, the
microorganisms that oxidize atmospheric CH4 have escaped
isolation. All the methanotrophs that have been isolated from
soils thus far do not possess the required kinetic properties

FIG. 1. Scheme of the effect of .0.1% acetylene (C2H2) on the transforma-
tion of nitrogen by denitrification and the production of N2O.
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(281). We have to assume that these latter methanotrophs have
an ecological niche that is characterized not by oxidation of
atmospheric CH4 but by oxidation of relatively high CH4 con-
centrations that emerge in the vicinity of CH4 production
zones, e.g., in wetlands (420).
In summary, microbial processes involved in trace gas pro-

duction and consumption in soil are still not well known and
often seem to involve microorganisms that are unknown and
have not been isolated or physiologically characterized.
Thresholds. Thresholds are the concentrations below which

trace gases are no longer consumed. Thresholds have been
observed in soil and in microbial culture for most of the atmo-
spheric trace gases (Table 3). Threshold concentrations should
not be confused with compensation concentrations. Compen-
sation occurs when consumption is balanced by simultaneous
production (see below) (93). Many of the H2-consuming bac-
teria are able to produce small, nonstoichiometric amounts of
H2 when they grow heterotrophically (see below). However,
the thresholds observed in aerobic H2-oxidizing bacteria after
the consumption of H2 as sole substrate were not due to H2
production, since removal of H2 to levels lower then the
threshold did not result in an increase of H2 (98).
Threshold concentrations exist for growth but also for sub-

strate degradation. The first are defined by the substrate con-
centration that still allows the generation of energy beyond the
rate required for maintenance purpose. This subject has re-
cently been reviewed (445). The thresholds required for
growth are higher than the thresholds below which substrate
degradation stops. The mechanisms that determine the latter
thresholds are unclear.

In anaerobic bacteria, the magnitude of the H2 thresholds
seems to depend on the thermodynamics of the H2 consump-
tion reaction. Thus, the threshold concentrations decrease with
increasing redox potential of the energy-yielding reaction, so
that the H2 threshold for H2 utilization decreases in the fol-
lowing order: homoacetogenesis . methanogenesis . sulfate
reduction . nitrate reduction (Fig. 2). Consequently, it was
proposed that the H2 concentration measured in the environ-
ment is an indication for the electron acceptor used in the
H2-utilizing process (331). By using chemostat cultures of an-
aerobic bacteria, it was found that the H2 thresholds are equiv-
alent to a certain amount of Gibbs free energy, the so-called
critical Gibbs free energy, DGc (484). Thresholds that are sim-
ilarly characterized by a DGc were also observed for the an-
aerobic degradation of benzoate by syntrophic bacterial con-
sortia (563). The magnitude of the DGc is in the range of
energy required to translocate 1 mol of protons through a fully
energized membrane (462, 463), suggesting that the stoichio-
metric conversion of one substrate molecule is obligatorily
coupled to the translocation of at least one proton.
However, the DGc obviously increases with the increasing

redox potential of the energy-yielding reaction (484). In Fig. 2,
the Gibbs free energies of H2-consuming reactions with differ-
ent electron acceptors are plotted as a function of the H2
partial pressure. The diagram includes the H2 threshold values
and the DGc values that were observed for the different H2-
consuming reactions. It is obvious that homoacetogens are the
most efficient H2 utilizers, which leave the smallest amount of
free energy (in the form of the substrate H2) unused. The other
physiological groups of H2 utilizers leave the more energy

TABLE 3. Kinetic characteristics of trace gas consumption by soil, microorganisms, and microbial enzymes

Trace gas Soil or microorganism Threshold (nM) Km (nM) Reference(s)

H2 Upland soil ,0.01 10–70 88, 226, 469
Aerobic H2-oxidizing bacteria .0.35 .800 88, 225, 291
Wetland soil 10–180a 2,000–16,000 89, 207, 302, 440, 562
Methanogenic bacteria 10–70 2,000–13,000 89, 123

CO Upland soil ,0.01 5–50 88, 198
Carboxydotrophic bacteria ,0.01 400–950 105, 198
NH4

1-oxidizing nitrifiers ?b .97 257
Methanotrophic bacteria ? 2,700 176
Wetland soil 3–20a ? 110, 302
Acetogenic bacteria ? .10,000 355

CH4 Upland soil 0.03–0.7 20–200 34, 136, 160
Methanotrophic bacteria ,1.0 800–66,000 29, 70, 280, 464, 465
NH4

1-oxidizing nitrifiers ? 6,600–2,000,000 29
Wetland soil, oxic rhizosphere
and surface layers

1–300 2,500–10,700 193, 280, 282

OCS Upland soil ,5a .9 315
Bacteria with carbonic anhydrase ? 8,900 408
Phototrophic bacteria ? 2,200 170
N2-fixing bacteria ? .3,100,000 480

N2O Soil, anoxic incubation ,0.8 700,000–1,000,000 40, 184
Denitrifiers, DNRA bacteria ? 500–100,000 184, 531

NO Soil, anoxic incubation ,0.01 1.6–8.5 26, 424, 475
Denitrifying bacteria ,0.01 0.6–7.3 351, 424, 457
Soil, oxic incubation ,0.01 1.8–.26.0 424, 443, 475
Heterotrophic Pseudomonas spp. ,0.01 .7.5 298
Flexibacter canadensis ? .67 582

a Values are probably compensation concentrations between simultaneously operating production and consumption reactions. The actual thresholds should be lower.
b Unknown.
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unused the more their characteristic electron acceptors make
available. However, the H2 thresholds of the H2 oxidation
reactions with highly negative Gibbs free energies, i.e., those
using ferric iron, nitrate, or O2 as the oxidant, are all similar
and are much higher than necessary for thermodynamic rea-
sons. Obviously, the H2 threshold is then no longer a function
of the energetics of the reaction but is due to other unknown
mechanisms.

Trace Gases as Substrates for Growth and Maintenance

Trace gases can support the growth of bacteria. Most of
them (H2, CO, CH4, and OCS) serve as electron donors in
oxidation reactions and yield energy for biosynthetic purposes.
For most of the oxidation reactions, O2, nitrate, ferric iron,
sulfate, or bicarbonate can serve as an alternative electron
acceptor. Only oxidation of CH4 requires O2 for the initial
monooxygenase reaction (but see the discussion on anaerobic
CH4 oxidation, below). The nitrogen gases (N2O and NO), by
contrast, serve as electron acceptors for growth of denitrifying
bacteria on reduced compounds such as organic substrates and
H2.
H2.Hydrogen is a good growth substrate for a large diversity

of bacteria. For example, the aerobic H2-oxidizing bacteria
grow with H2, O2, and CO2 as sole energy and carbon sub-
strates (14). The key enzyme is a membrane-bound Ni/Fe-
containing uptake hydrogenase (195). A few species also con-
tain a cytoplasmic hydrogenase (195). However, they all
oxidize H2 only at concentrations that are much higher than
those in the ambient atmosphere (Table 3). Therefore, they
cannot be responsible for the degradation of atmospheric H2
by soil and probably play no role as controllers of the flux of
atmospheric H2 into soil. Instead, this role is covered by abion-

tic soil hydrogenases (88). However, the aerobic H2-oxidizing
bacteria are able to scavenge H2 whenever it arises at high
concentrations, e.g., at sites with geothermal H2 production
(101), in composting material (30), and at N2-fixing root nod-
ules with bacteroids lacking uptake hydrogenase activity (309,
401, 470). Especially in the latter case, H2-oxidizing bacteria
may contribute to reduce the release of H2 from soils which are
covered by N2-fixing legumes and are at least temporarily a net
source of atmospheric H2 (113). Aerobic H2-oxidizing bacteria
may also scavenge some of the H2 which is produced in anoxic
soil, e.g., rice fields, as it diffuses over the anoxic-oxic interface
on the surface of rice roots and is released into the atmosphere
via the vascular gas transport system of the rice plants (476).
Indeed, aerobic H2-oxidizing bacteria are found in the rhizos-
phere of rice (209, 312).
Hydrogen also serves as a growth substrate for different

anaerobes, notably the methanogenic bacteria. It is one of the
important precursors of CH4 in anoxic soils, contributing ap-
proximately 10 to 50% to total CH4 production (396, 440, 478,
518, 525). As for the aerobic H2-oxidizing bacteria, anaerobic
H2 utilization is characterized by threshold concentrations that
are usually higher than those found in the ambient atmosphere
(Table 3).
CO. Carbon monoxide serves as a growth substrate for a

similar diversity of bacteria to those served by H2. However, it
has not received much attention. The best-studied bacterial
groups are the aerobic CO-oxidizing (carboxydotrophic) bac-
teria (357, 367, 593) and the CO-utilizing homoacetogenic
bacteria (154, 597). There is a marked difference in the key
enzymes for CO oxidation by these two groups. The aerobic
carboxydotrophs possess a molybdopterin cofactor and dehy-
drogenate CO plus water to CO2 plus reducing equivalents
(367). The homoacetogens catalyze the same reaction with a
nickel-containing enzyme whose main function, however, is the
synthesis or degradation of acetyl coenzyme A (CoA) (412,
580). CO consumption has also been reported for methano-
gens which possess the Ni-containing CO dehydrogenase
(179). This CO dehydrogenase activity is part of an acetyl-CoA
decarbonylase synthase complex (212). A nickel-containing
CO dehydrogenase is also present in sulfate-reducing bacteria
(355, 586). An interesting mechanism of CO consumption has
been reported for phototrophic bacteria which hydrolyze CO
with water to H2 and CO2 (171, 545). This CO dehydrogenase
also contains nickel and iron sulfur clusters but has a simpler
structure than the CO dehydrogenase of homoacetogens and
lacks the ability to catalyze the synthesis or degradation of
acetyl-CoA (47, 268). A recently isolated thermophilic anaer-
obic CO utilizer also hydrolyzes CO to H2 and CO2 (522).
Interestingly, recent studies indicate that the production of H2
from CO also occurs in aerobic carboxydotrophic bacteria, i.e.,
those with the molybdopterin-containing CO dehydrogenase
(454). In addition to these bacteria that are all able to grow on
CO, CO can be oxidized by monooxygenases without being
used for bacterial growth (see below). For the most recent
review of the different CO dehydrogenases, see reference 180.
So far, no conclusive ecological niche has been found for the

CO-utilizing mode of bacterial growth (88, 95). In contrast to
aerobic H2 utilization, a threshold for aerobic CO utilization
has not been reported (114). However, the affinity of the com-
monly known aerobic CO-utilizing bacteria (Km in the low
micromolar range) is much lower than that observed in soils
(Km in tens of nanomoles per liter) (Table 3). Therefore, these
bacteria cannot account for the CO consumption in soil. In-
stead, the CO-cooxidizing nitrifying bacteria may be responsi-
ble for CO consumption in soil (see below). Also, unknown
oligotrophic bacteria have been suggested as possible agents

FIG. 2. Relation between the H2 thresholds and the critical Gibbs free en-
ergies (DGc) of different microbial H2 oxidation reactions as function of the
electron acceptor. The H2 thresholds (E) and the DGc values for H2 consump-
tion (F) and for growth on H2 (h) were taken from the literature (127, 225, 291,
332, 484) and are plotted on the line that is given by the Nernst equation of the
individual reactions. For simplicity, the Nernst equation was calculated by as-
suming standard conditions at pH 7 except for the partial pressure of H2. The
curves show the upper and lower range of the data.
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for atmospheric CO consumption (116). However, these bac-
teria have not been isolated in pure culture. A thermophilic
actinomycete was reported to grow aerobically on CO with a
relatively low Km (70 nM), which is on the same order as that
observed in soil (7 to 33 nM) (198). The CO-oxidizing micro-
organisms in soil seem not to grow with CO and assimilate only
minor amounts of 14CO into biomass (22).
The role that the anaerobic CO utilizers (acetogens, meth-

anogens, etc.) may play in anoxic soils is unexplored. Concen-
trations of CO in paddy soils and sediments are in the nano-
molar range (Table 3). Turnover of CO is probably low but has
so far not been investigated systematically. Submerged paddy
soil seems to be only a small source of atmospheric CO, but the
plants of these wetlands produce and emit significant amounts
of CO (110, 598). Peat soils emit small amounts of CO when
the water table is high but act as a sink for atmospheric CO
when the water table is low (197). It is possible that the CO
production at high water table is due to photodynamic effects
acting on the Sphagnum plants (88, 526).
CH4. The only known group of bacteria able to grow on CH4

are the aerobic methylotrophic bacteria which oxidize CH4
with O2 to CO2 (85, 223, 233). The methanotrophs are subdi-
vided into two major groups, type I and type II (280, 374). Type
I methanotrophs (the genera Methylobacter and Methylomo-
nas) belong to the g-subdivision of the Proteobacteria and use
the ribulose monophosphate pathway for formaldehyde assim-
ilation. Type II methanotrophs (the genera Methylosinus and
Methylocystis) belong to the a-subdivision and use the serine
pathway. A third group, type X, is often proposed for Methy-
lococcus capsulatus (g-subdivision), because this bacterium has
characteristics of both of the other groups. The oxidation path-
way is initiated by the methane monooxygenase (MMO) which
requires both O2 and reducing equivalents for activity. The
MMO exists in two different forms. The membrane-bound
enzyme is evolutionarily related to the ammonium monooxy-
genase (AMO) of the nitrifying bacteria (240) and is synthe-
sized only in the presence of sufficient concentrations of cop-
per but is apparently present in all methanotrophs (374). The
soluble MMO, on the other hand, is found only in type II and
type X methanotrophs and is expressed when the copper con-
centration is low (,1 mM) (280, 373). The Km values for CH4
that are observed in bacterial culture or in enzyme prepara-
tions are in the range of 1 to 92 mM, with those of the partic-
ulate MMO possibly at the lower end (280). Chemostat and
gradient culture studies suggest that type I methanotrophs
dominate at lower CH4 concentrations (10, 211). Studies by
Lidstrom’s group (318) indicate that copper-sufficient and cop-
per-insufficient forms of the particulate MMO exist, with the
copper-sufficient form having a lower Km for CH4 than the
copper-insufficient form. However, all of the culture studies so
far have shown Km values that are much higher than those
observed for oxidation of low CH4 concentrations in soil (Km,
200 nM [Table 3]). The existing methanotrophs are unable to
grow on atmospheric CH4, an activity that is obviously accom-
plished by unknown and as yet unisolated bacteria in soils (33).
In principle, methanotrophs must have either a high affinity

for CH4 or a low maintenance requirement to grow on atmo-
spheric CH4 (87). Methanotrophs with low affinities seem to
account for the activity that is induced in soils preincubated
with high CH4 concentrations (33, 37, 466). The activity can be
maintained over long periods but is lost when soils are incu-
bated under atmospheric CH4 concentrations (466). Bock and
Sand (42) recently claimed to demonstrate the existence on the
surface of building stones of methanotrophs that are able to
grow on atmospheric CH4. However, experimental details were
not presented. Measurements of 14CH4 oxidation in soil gen-

erally demonstrated CH4 assimilation into microbial biomass
even at low atmospheric CH4 concentrations (438, 466, 575).
Probably, this activity is due to the same unknown high-affinity
bacteria that were shown to be responsible for atmospheric
CH4 oxidation (33). As tested in soil samples, they are appar-
ently inhibited by ammonia and nitrite as described for meth-
anotrophic bacteria in culture (160, 284, 465).
Methanotrophs that have a Km for CH4 in the micromolar

range (Table 3) cannot account for atmospheric CH4 oxidation
but are able to oxidize CH4 at anoxic-oxic interfaces, such as
the surface layer of methanogenic sediments and paddy soil
(279, 283) and the rhizosphere of rice and other aquatic plants
(203, 204, 282). For example, CH4 concentrations in the mi-
cromolar range exist in the oxic surface layers of submerged
soils where CH4 diffuses from below (107, 441). The micromo-
lar Km values for CH4 oxidation in this layer and in excised rice
roots are typical for methanotrophs in culture (Table 3). Mi-
cromolar Km values are sufficient to allow the methanotrophs
in these zones to reduce the emission flux of CH4 from wet-
lands, rice fields, and other methanogenic environments and to
exert an important control on the budget of atmospheric CH4
(75, 477). A similar role is played by methanotrophs in the
cover soil of landfills (255). When exposed to high CH4 con-
centrations, the methanotrophic populations in this environ-
ment respond to high CH4 by shifts in Km from 1.6 to 32 mM
(276).
Methane oxidation is obviously also important under anoxic

conditions, especially in marine and hypersaline sediments.
The evidence for anaerobic CH4 oxidation is based on the use
of 14CH4, on diffusive models, and on d13CH4 profiles (6, 247,
248). The data usually show a coincidence of anaerobic CH4
oxidation with sulfate reduction. Anoxic CH4 oxidation has
also been suggested to operate in the subsoil of rice fields
(364). There, it coincided with reduction of ferric iron. How-
ever, microorganisms able to consume CH4 in the absence of
O2 have not been isolated thus far. It has been suggested
recently that the anaerobic CH4 oxidation is due to a reverse
methanogenesis, producing CO2 plus H2 from CH4, which is
thermodynamically possible if the H2 partial pressure is kept
low by H2-utilizing sulfate reducers (237). This hypothesis is
analogous to that for “Reversibacter,” a homoacetogen, which
is able to convert acetate to H2 and CO2 if the H2 partial
pressure is low (313). The hypothesis is not unreasonable, since
methanogens are known to keep a certain H2 partial pressure
even when growing on acetate, methanol, or isopropanol (97,
125, 330). However, the hypothesis has so far not been sup-
ported by defined coculture studies. Inhibitor experiments are
also inconclusive (7). It is also unclear how the methanogens
could reverse the strongly exergonic final reactions of the
methyl transferase, methyl-CoM reductase, and heterodisul-
fide reductase (371, 468).
OCS. Growth on carbonyl sulfide, as well as on carbon

disulfide, has been obtained with Thiobacillus thioparus (506).
The Km for OCS is unknown, but that for CS2 is 16.5 mM.
Recently, other eubacteria that are able to grow on OCS as the
sole energy source have been isolated (259). These bacteria
grow on a wide variety of sulfur compounds (including DMS,
COS, and CS2) aerobically and as denitrifiers. There is no
indication that the hydrolysis of OCS would yield energy
and/or support growth (267, 506). Therefore, we may assume
that the bacteria just grow by oxidizing the H2S that is pro-
duced by hydrolysis of OCS. The nature of the OCS-hydrolyz-
ing enzyme in thiobacilli is not known. However, by analogy to
autotrophic plants (407–409), OCS hydrolysis may be catalyzed
by a carbonic anhydrase that functions in autotrophic CO2
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fixation. In fact, OCS may be a cometabolite in many more
bacteria if they possess enzymes able to hydrolyze OCS.
N2O. Nitrous oxide is an obligate intermediate in the deni-

trification pathway and can serve as the sole electron acceptor
to support the growth of denitrifying bacteria (28, 294, 384,
602). Interestingly, N2O can also be reduced to N2 by some but
not all bacteria that normally reduce nitrate to ammonia, i.e.,
the so-called DNRA (dissimilatory reduction of nitrate to am-
monia) bacteria (452, 474, 531). N2O reduction is the only
known process important for N2O turnover in soil. The bacte-
rial Km values for N2O range from 0.5 to 100 mM, and values
in soil are even higher (Table 3). The reason for this large
variability is probably an analytical bias due to diffusion limi-
tation during the experiments (538). However, it is obvious
that the Km values are large compared with the concentration
of atmospheric N2O, which is equivalent to an aqueous con-
centration of about 8 nM. Although soils usually act as net
sources for atmospheric N2O, uptake of N2O from the atmo-
sphere has been observed occasionally (72, 158, 446, 499). A
threshold for N2O uptake has not been observed; i.e., it is
below the detection limit of N2O analysis (40).
NO. Nitric oxide is an obligate intermediate in the denitri-

fication pathway. Nitric oxide is produced by nitrite reductase
and is reduced to N2O by nitric oxide reductase (589, 601).
Some fungi can denitrify (492), but they possess a NO reduc-
tase with a different molecular structure from that of bacteria
(491). Theoretically, denitrifiers should be able to grow on NO
as the sole electron acceptor, since the redox potential is high
(E09 5 11,173 mV for NO/N2O) and since N2O, the product
of NO reduction, could equally serve as an electron acceptor
(E09 5 11,355 mV for N2O/N2). However, since NO is usually
toxic to bacteria at the high concentrations that are required
for testing growth (337), there are almost no reports on suc-
cessful growth of denitrifiers by NO reduction (399). Nonethe-
less, it has been demonstrated that NO as an electron acceptor
can support vectorial proton translocation and thus allow the
generation of energy (489, 554). It has been shown that the
reduction of NO by denitrifiers is important for NO turnover in
soil (424) and that the Km value for NO is very low in both soil
and denitrifying bacteria (,8 nM; Table 3). However, there
seem to be additional processes for NO consumption in soil,
e.g., NO consumption by methanotrophs (35, 301). It is un-
known whether NO consumption is beneficial for meth-
anotrophs and also whether it is due to a reduction or an
oxidation mechanism. Oxidation of NO to nitrate rather than
reduction to N2O has recently been found to be the dominant
NO consumption mechanism in some soils (27, 161, 443). This
oxidation reaction is possibly due to cooxidation of NO by
heterotrophic bacteria (27, 298). A threshold for NO uptake
has not been reported.

Trace Gases as Cometabolites

Monooxygenase. MMO of methanotrophic bacteria is able
to oxidize not only CH4 but also NH3 and CO (29). Likewise,
AMO also oxidizes CH4 and CO. The physiology and environ-
mental relevance of these reactions have been reviewed in
detail (29). Both monooxygenases have overlapping ranges of
Km values for CH4 (Table 3). AMO has a much lower Vmax
with CH4 than does MMO, so that nitrifiers must be propor-
tionally more numerous than methanotrophs in soil to exert
the same activity (29). On the other hand, both nitrifiers and
methanotrophs oxidize CO at similar rates per cell, so that the
ratio of CH4 to CO oxidized is higher in methanotrophs than
in nitrifiers (258). Castro et al. (71) showed that in nitrogen-
fertilized soils, rates of CO oxidation were similar but those of

CH4 oxidation were lower than in the control soil, and they
thus concluded that upon fertilization, nitrifiers became rela-
tively more important for CH4 oxidation than did meth-
anotrophs.
Tests for assimilation of 14CH4 in nitrifiers gave contradic-

tory results (29). At present, it cannot be excluded that CH4
oxidation could be beneficial, at least for some species of
nitrifiers, such as those (e.g., Nitrosococcus species) belonging
to the g-subgroup of Proteobacteria which exhibited 14CH4
incorporation into biomass (256, 558). However, none of the
nitrifiers is able to grow with CH4.
The soluble MMO has relatively high Km values for CO (2.7

mM), which cannot explain the CO oxidation activity in soil
which has Km values of ,50 nM (Table 3). AMO, on the other
hand, has a much lower Km for CO (.97 nM), which comes
close to the Km observed in soil (Table 3). Incubation experi-
ments with soils showed that the uptake of atmospheric CO
was enhanced when the population of nitrifiers was enriched
(35). Nitrifiers do not assimilate 14CO in large amounts (257),
similarly to the results found for soils (22). The low assimila-
tion is probably due to fixation of 14CO2, the oxidation product
of 14CO, in the presence of ammonium as the energy substrate
(257). In summary, it appears that cometabolism of CO by the
AMO of nitrifiers may contribute to the uptake of atmospheric
CO by soil.
Carbonic anhydrase. The carbonic anhydrase of cyanobac-

teria, algae, lichens, and plants is apparently able to react with
OCS as a structural analog of CO2 and thus to catalyze the
hydrolysis of OCS to CO2 and H2S (21, 215, 359, 407–409) by
the following reactions:

OCS1OH23CO21HS
2

CO21OH
23HCO3

2

The Km value (Table 3) of the carbonic anhydrase for OCS
is in the same range as or lower than that for CO2 (269, 408,
409). Carbonic anhydrase is an enzyme that may be widespread
among autotrophic soil microorganisms. For example, any mi-
croorganism which assimilates CO2 by using an enzyme with
CO2 as the active species (e.g., ribulose-1,5-bisphosphate car-
boxylase) potentially contains carbonic anhydrase to facilitate
the equilibration between bicarbonate and CO2. In soils with
many autotrophic bacteria (e.g., autotrophic nitrifiers), car-
bonic anhydrase could be responsible for much of the OCS
consumption. However, systematic studies are lacking. The
uptake of OCS in soil was found to be a first-order reaction for
OCS mixing ratios of .400 ppbv, equivalent to about 8.8 nM
in soil solution (315). Soil OCS uptake at lower mixing ratios
has not yet been tested. However, atmospheric OCS mixing
ratios are typically around 0.5 ppbv, equivalent to 11 pM.
Because of the lack of data, it cannot be excluded that a second
OCS degrading activity exists in soil that is predominantly
active at concentrations below 4 nM and thus may have a Km
value in the picomolar range (315).
CO dehydrogenase and nitrogenase. Carbonyl sulfide can

also be reduced to CO and H2S by the CO dehydrogenase of
Rhodospirillum rubrum (170) and the nitrogenase of Azoto-
bacter vinelandii (480). The CO dehydrogenase has a Km for
OCS (Km 5 2.2 mM) lower than that for its natural substrate,
CO2 (Km 5 190 mM). The Km for OCS of the nitrogenase is
much higher (Km 5 3.1 mM). Degradation of OCS has also
been observed in cultures of homoacetogenic bacteria but only
at relatively high mixing ratios (percent level) and without
growth (504). Since homoacetogens also possess a CO dehy-
drogenase, OCS degradation may be due to this enzyme. How-
ever, the environmental significance of OCS hydrolysis by CO
dehydrogenase and nitrogenase remains unclear.
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Peroxidase. Peroxidases are believed to be involved in the
decomposition of NO within tissues of higher organisms and to
catalyze the oxidation of NO to nitrate (244, 389, 510). Re-
cently, we isolated a new Pseudomonas species that also oxi-
dizes NO with O2 to nitrate by a membrane-bound enzyme (27,
298). This bacterium cannot nitrify or denitrify, and growth is
not supported by NO oxidation. Therefore, it is likely that NO
is consumed by cooxidation. Other heterotrophic microorgan-
isms also seem to be able to consume low NO concentrations
under oxic conditions (27). Oxidation of NO to nitrate has
been demonstrated to occur in certain soils, although it is still
unknown how widespread this NO consumption mechanism is
in comparison with the reduction by denitrifying bacteria (27,
161, 443). Both activities can occur in the same soil; the oxi-
dative pathway was active under oxic conditions, the reductive
pathway was active under anoxic conditions, and the Km value
of NO oxidation seemed to be at least four times higher than
that of NO reduction to N2O (443). This feature may provide
an experimental tool to distinguish oxidative and reductive NO
consumption in soil (95).

Trace Gases as Stoichiometric Products

Several trace gases are stoichiometric products of dissimila-
tory pathways, i.e., H2, CH4, N2O, and NO. However, only the
production of CH4, N2O, and NO has a large impact on atmo-
spheric budgets. Microbial production of H2 in soil plays only
a minor role.
H2. Hydrogen is an important product of bacterial fermen-

tation and allows for the regeneration of redox carriers in their
oxidized state. Even bacteria that are unable to grow fermen-
tatively under anaerobic conditions, e.g., methylotrophs or
Knallgas bacteria, can produce some H2 by fermentation when
they are kept under anoxic conditions or with limiting O2
supply (264, 307, 552). However, the extent of H2 formation
depends on the redox potential of the particular H2-generating
reaction and the H2 partial pressure according to thermody-
namic theory. For example, H2 generation by fermentation of
pyruvate is thermodynamically not restricted, because of the
negative redox potential of the reaction, whereas H2 genera-
tion by fermentation of propionate is thermodynamically re-
stricted. This subject is covered in several reviews (97, 156, 462,
511). In soil, H2 production by fermentation can be observed in
two different situations.
(i) In anoxic methanogenic soil, H2 production is usually in

steady state with H2 consumption by methanogenic bacteria.
The turnover time of H2 is within minutes and creates steady-
state H2 concentrations that are typically in the nanomolar
range. The H2 concentration is often only slightly higher than
the threshold of methanogens for H2 (Table 3). Thus, methan-
ogenic soils are only a negligible source in the budget of at-
mospheric H2 (88, 476).
(ii) When oxic soils are flooded, a phase of H2 production

usually precedes the phase of methanogenesis (104, 566). Pro-
duction of H2 then occurs transiently and is probably caused by
fermentation of substrates (e.g., sugars) that have no thermo-
dynamic restriction for the production of H2 at high concen-
trations. Concentrations of H2 in this phase can reach percent-
age levels. The source strength of this transient soil state for
atmospheric H2 has not been estimated so far. Such a transient
state may also occur in microniches within generally oxic soil
(95). However, it is probably not of widespread importance,
because field studies indicate that soils usually act as a sink for
atmospheric H2.
The only incidences of a significant net emission of H2 into

the atmosphere (2.4 to 4.9 Tg year21) were reported for soils

covered with N2-fixing legumes (88, 113). Here, however, H2 is
not produced by fermentation but, rather, is a side product of
nitrogenase (166).
CH4. The production of CH4 in anoxic natural environments

is understood in principle and has been reviewed repeatedly
(89, 275, 594, 596, 600). Methane is an important degradation
product of organic matter under anoxic conditions. Cellulose
carbon, for example, is converted methanogenically to 50%
CO2 and 50% CH4. The degradation is achieved by a complex
microbial community consisting of hydrolytic, fermenting, syn-
trophic, acetogenic, and methanogenic bacteria. Methane pro-
duction in anoxic environments such as sediments and flooded
rice fields creates the most important source in the budget of
atmospheric CH4 (84, 405). The actual production of CH4 is
accomplished by methanogenic bacteria. The biochemical
pathways of CH4 production and the enzymes involved have
been intensively studied during the past decades and are now
understood in principle (178). However, further research is
needed to learn something about the community structure of
methanogenic environments and also about the populations of
methanogens involved (see below).
NO and N2O. The microbial basis of the production of NO

and N2O in soil is more complicated than that of CH4. Both
NO and N2O are intermediates in the sequential reduction
pathway of nitrate by denitrifiers (177, 589, 601), and thus,
both are produced and consumed by this microbial group.
Production of NO and N2O has also been demonstrated
among bacteria that respire nitrate to nitrite and those that
dissimilate nitrate to ammonium (DNRA) (96, 538). NO and
N2O are also produced by nitrifiers apparently producing the
nitrogenous gases by reduction of nitrite (403, 422). NO and
N2O can be produced in soil during both oxidation of ammo-
nium and reduction of nitrate (143, 288, 289, 423), presumably
involving nitrifiers and denitrifiers, respectively. However,
since denitrifiers, nitrate respirers, and DNRA cannot be dif-
ferentiated in situ, and since autotrophic and heterotrophic
nitrifiers cannot always be differentiated either, the exact mi-
crobial basis of NO and N2O production and consumption is
still not clear (96). The problem is compounded by the fact that
these physiologically defined groups are obviously widespread
among the various taxa including the Proteobacteria, gram-
positive bacteria, and fungi. In addition, the enzymatic basis of
the NO-producing and NO-consuming reactions is not well
understood. The level of understanding is best for denitrifica-
tion (177, 589, 601); however, the biochemical pathways and
enzymes involved in NO and N2O production by other physi-
ological groups are poorly understood (96).

Trace Gases as Miscellaneous Products

Oxic soils sometimes produce sufficient CH4 to act as a net
source of atmospheric CH4 (145, 208, 265, 588). In contrast to
the vigorous CH4 production in anoxic soil, the microbial basis
for the production of small amounts of CH4 in oxic soils is still
unclear. Whereas large amounts of acetate (in the millimolar
range) are produced by anaerobic acetogenic bacteria in forest
soil, production of CH4 is minor as long as the soil is not
completely anoxic (308). However, methanogens are present
(though in small numbers) in every soil, even in dry desert soil
(395), and methanogenesis can be initiated in these oxic soils if
they are water saturated (308, 396, 557). Temporarily flooded
soils apparently produce more CH4 with longer flooding peri-
ods (11). Since methanogens are sensitive to O2 and are unable
to form resting stages, it is unclear how they could survive or
even proliferate in soils that are generally oxic. If we assume
that methanogenesis in oxic soil starts only if anoxic mi-
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croniches have become sufficiently numerous (e.g., after heavy
rain), we still have the problem of explaining how methanogens
can survive when no anoxic microniches are present. A similar
enigma occurs with respect to CH4 production in epilimnetic
surface water of lakes and oceans (493, 494). There are several
conceivable answers (or combinations of them) to this prob-
lem. (i) There are methanogens in soil that are less sensitive to
O2 but have not yet been cultured. Interestingly, Methanosar-
cina species were shown to become active at redox potentials
as high as 150 mV (182). Also, up to 5% of the methanogenic
population of rice field soil was able to survive desiccation of
the soil under oxic conditions (181). (ii) Even completely oxic
soils contain microniches suitable for the survival of methano-
gens, e.g., in the guts of small animals. As a result, methano-
gens can be reinoculated continuously by the soil microfauna
and mesofauna, which distribute methanogens with their feces.
This possibility is largely unexplored, although a study of var-
ious arthropod taxa suggests that only a few taxa, i.e., termites
(Isoptera), cockroaches (Blattidae), millipedes (Diplopoda),
and scarab beetles (Scarabaeidae), have methanogenic symbi-
onts (220). Anoxic microsites could also be created in consortia
with O2-respiring microorganisms. This possibility was ex-
plored as a way to explain the CH4 production in oxic seawater
(494). (iii) Methane is produced in a minor side reaction, e.g.,
degradation of methionine by clostridia (431) that are able to
survive in dry oxic soil as spores. Such low rates of CH4 pro-
duction have also been reported for sulfate reducers and other
bacteria (402). Methane can also be produced by aerobic re-
actions such as bacterial degradation of methylphosphonates
(139).
The microbial basis for the production of OCS is unclear. It

has been observed that OCS production in soil is stimulated
after the addition of thiocyanate (56, 315, 361). A OCS-pro-
ducing enzyme, thiocyanate hydrolase, has been purified from
Thiobacillus thioparus (262). The same bacterium also pro-
duced OCS by hydrolysis of CS2 (506). However, the mecha-
nism of OCS production in soils that are not treated with
thiocyanate is still unknown.
Although the majority of CO production in soil seems to be

caused by chemical processes (see above), microbial produc-
tion is also possible. Carbon monoxide can be produced from
oxidation of the methin bridges in porphyrins (530, 590). Thus,
CO production was found in heme- and hydroxocobalamin-
degrading bacteria (167, 168, 232). Carbon monoxide produc-
tion has also been reported for the microbial degradation of
flavonoids (572), rutin (573), and aromatic acids (236) and has
also been observed in cultures of various microorganisms as a
result of unspecified processes (65, 410). All these processes
can in principle take place in soil, but their actual biogeo-
chemical role is unknown.
Worth mentioning also is the production of H2 and CO in

nonstoichiometric amounts by methanogens, acetogens, and
sulfate-reducing bacteria. Both compounds are found in trace
quantities in cultures of these bacteria (97, 121, 125, 153, 330,
334). Hydrogen and CO are formed as intermediates in me-
tabolism and probably equilibrate to some extent with the
medium. The production of small amounts of H2 during ace-
tate catabolism by Methanosarcina species is sufficient to serve
as an electron donor for sulfate reducers (398). Likewise, the
small amounts of H2 produced by methanol-utilizing acetogens
are sufficient as electron donors for methanogens or sulfate
reducers (126). These cases of interspecies H2 transfer have
been observed primarily in defined bacterial cocultures, but
some evidence points to their occurrence in anoxic paddy soil
(3).

DEFINITION OF SOIL AND SOIL MICROORGANISMS

When characterizing trace gas metabolism in soil, one prob-
lem is a suitable definition of soil and soil microorganisms. The
definition of soil in the various atmospheric budgets of trace
gases usually assumes that it is a terrestrial site which is cov-
ered by some vegetation. These sites comprise farmland soils,
which are dominated by mineral soils, as well as wetland soils,
which are often dominated by living and dead plant biomass,
e.g., Sphagnum bogs. The various soils usually also contain
animals, which may produce trace gases on their own. From
the viewpoint of a microbiologist, it is appropriate to assess the
effects of plants and animals (mainly worms and arthropods)
separately from those of microorganisms. However, the term
“microorganisms” may also be ambiguous. Often the term is
used as a proxy for members of the Bacteria, Archaea, fungi,
and protozoa. However, from a practical point of view, the soil
microbiota is best defined as including all organisms that are
too small to be separated from the soil matrix by mechanic
tools (e.g., forceps and sieves). Thus, soil microorganisms in a
practical sense would comprise bacteria (Bacteria and Ar-
chaea), fungi, algae, and protozoa but also the micro- and
mesofauna smaller than about 1 mm, e.g., rotifers, nematods,
acari, and collembols (524).

Role of Vegetation

In practice, the distinction between soil and vegetation is
often not trivial and usually not solved simply by removing the
plants, since plant processes and soil processes interact in var-
ious ways, e.g., metabolism of trace gases by the plants, trans-
port of trace gases through the plants, or metabolism of trace
gases in the rhizosphere of plants.
Trace gases that are metabolized by the plants include CO

(24, 483, 526), OCS (64, 205, 407, 528), and NO/NO2 (253, 481,
500, 536). The plant metabolism may create a trace gas flux
that adds to the flux generated in the soil. In these cases, it is
impossible to assess the effect of the soil if the vegetation is not
removed.
Plants can serve as conduits for the transport of trace gases

between the soil and the atmosphere. This phenomenon is
especially important for wetland soils which are covered with
aquatic plants that have a vascular gas transport system to
provide the roots with O2 (15). Vascular transport is most
important for the flux of CH4 (477), but other gases are trans-
ported as well, e.g., CO, H2, and N2O (110, 368, 476). It is
almost impossible to measure realistic gas fluxes from wetland
soils when aquatic plants are removed. However, it is relatively
easy to assess the contribution of plant-mediated flux to total
flux, if the plants are cut below the water level (e.g., in flooded
rice fields) (149, 242, 478). This allows the measurement of the
momentary contribution of vascular transport to the total flux.
In the long term, however, the ongoing production of trace gas
in the soil will result in another transport pathway, e.g., ebul-
lition (75, 76).
Some trace gases are specifically metabolized in the rhizos-

phere. For example, H2 is released into the atmosphere if soils
are covered with N2-fixing legumes (113). Hydrogen is pro-
duced by nitrogenase of the bacteroids in the root nodules and
is only partially recycled by uptake hydrogenases of the bacte-
roids. Similar phenomena probably exist for Frankia root nod-
ules (437, 485), although H2 fluxes caused by Frankia symbiosis
have not yet been measured in a soil system.
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Role of Animals

Since the biomass and the overall contribution of the soil
fauna to litter decomposition are relatively minor compared
with those of soil microorganisms, they have usually been ne-
glected (165). However, soil animals may affect the trace gas
flux by directly producing trace gases, by affecting trace gas-
metabolizing soil microorganisms through grazing, or by accel-
erating the gas transport between soil and atmosphere.
Some soil arthropod taxa, e.g., termites, produce H2 and

CH4, since they contain fermenting and methanogenic bacteria
in their guts (57–59, 220, 599). Protozoa may also contain
fermenting and methanogenic bacteria and thus release H2 or
CH4 into the soil (174, 175, 183). Since small animals usually
cannot be removed selectively from soil, it is very hard to assess
the contribution of individual arthropods to trace gas metab-
olism in soil.
Little is known about the grazing pressure and other effects

of soil animals on soil microorganisms in general (165). Noth-
ing is known on this subject with respect to microorganisms
that metabolize trace gases.
Soil animals may also affect the diffusive transport of trace

gases in wetland soils, but this issue has not been studied
explicitly. Benthic animals may affect the trace gas exchange
between sediment and water by changing the topography of the
surface, e.g., by creating mounds that in turn affect the water
flow at the surface, the diffusive boundary layer, and the pen-
etration of water flow into the sediment according to Ber-
nouille’s law (especially if it is a sandy sediment) (49, 219).
Burrowing animals possibly accelerate the exchange of O2 be-
yond diffusional transport by actively ventilating their burrow-
ing holes with a stream of water (192, 305). Analogously, the
exchange of trace gases may also be enhanced.

TRACE GAS FLUXES BETWEEN SOIL
AND ATMOSPHERE

From the viewpoint of microbial trace gas metabolism, it is
appropriate to distinguish at least two different groups of soils.
Upland soils are not water-saturated, well-aerated soils which
are generally oxic. Wetland soils are water-saturated soils that
are generally anoxic. These two groups of soils have different
characteristics with respect to microbial production and con-
sumption of trace gases. This issue has been reviewed recently
(94, 95). Perhaps even more importantly, however, the gas
exchange mechanism itself is organized in different ways (see
Fig. 3 to 5).
As a result, wetland soils are usually sources of atmospheric

trace gases. Wetland soils are especially important sources of
atmospheric CH4. They act as sinks for atmospheric CH4 only
when the water is drained (231). Fluxes of CH4 in various types
of wetlands have been investigated intensively. The rates of
CH4 emission have frequently been compiled and reviewed
(20, 23, 347, 360, 380). There are several studies of emission
rates of NO (199, 310) and N2O (191, 311, 323, 324, 340, 345,
459, 501, 502) in wetland soils (e.g., paddy fields, fens, and wet
tundra). All these studies show that the fluxes of NO and N2O
from wetland soils are small compared with aerated soils, prob-
ably because a larger percentage of the produced NO and N2O
is further reduced by denitrifiers to N2. Submerged rice fields
seem to act occasionally even as a sink for atmospheric N2O
(362).
Upland soils, on the other hand, are both sources of and

sinks for atmospheric trace gases. They are net sinks for atmo-
spheric H2 (88), CO (88), and CH4 (420) but net sources of
N2O and NO (140, 354, 578).

The flux of a trace gas between the soil and the atmosphere
is the result of three basic processes: production, consumption,
and transport. The interaction of these basic processes is dif-
ferent in upland and wetland soils (see Fig. 3 to 5).

Wetland Soils

Wetland soils are submerged and generally anoxic. How-
ever, O2 penetrates from the surface and creates a thin (1- to
5-mm-deep) oxic soil layer. It also penetrates from roots of
aquatic plants with gas vesicular systems into deeper soil layers.
Vertical redox gradients. The depth of the oxic surface layer

is the result of a balance between the influx of O2 from above
and the O2 consumption by the soil microflora. The O2 influx
is mainly due to molecular diffusion but may be enhanced by
bioirrigation of the soil fauna (see above) and by photosyn-
thetic O2 production by benthic algae (19, 430). The O2 con-
sumption and thus the O2 penetration depth are a function of
the availability of degradable organic matter present in the
surface layers (421, 429). However, O2 consumption in the
surface layer is also a function of the production of reduced
compounds such as CH4, ammonium, ferrous iron, and sulfide
in the anoxic layers below. These compounds diffuse upward
until they reach the oxic zone, and there they contribute to the
microbial (and chemical) O2 demand (523).
In general, O2 is depleted rapidly with distance from the soil

surface or the root surface, resulting in a redox stratification
(595). This stratification theoretically creates relatively well-
defined habitats for the different groups of trace gas-metabo-
lizing microorganisms, which may be studied separately to
some extent. The different redox zones are characterized by
the dominance of the electron acceptors O2, NO3

2, Mn41,
Fe31, SO4

22, and CO2 (Fig. 3) (595). Experimentally, the
different zones may be distinguished by spatial sampling, but
few studies in which profiles of manganese and iron were
measured simultaneously with other electron acceptors have
been performed. These profiles (all in marine sediments)
showed the existence of redox zones, which, however, were not
sharply separated (507, 532). The different redox processes can
also be studied on a temporal basis, for example, by observing
the sequential reduction of the different electron acceptors
when oxic soils are submerged and become anoxic (393, 400).
Most wetland soil is devoid of O2 (below 2 to 3 mm deep)

and also contains no other electron acceptors (below a few
centimeter deep) other than CO2 and H

1. Therefore, this zone
is dominated by fermentation and methanogenesis (Fig. 3).
Production of H2 by fermentation is intensive, but most of the
produced H2 (together with CO2) is immediately converted by
methanogens to CH4, so that the steady-state concentration of
H2 is typically in the nanomolar range (10 to 180 nM, corre-
sponding to about 8 to 140 ppmv in the gas phase [Table 3]).
It must be emphasized that this concentration range, although
low with respect to substrate requirements by methanogens,
still represents a substantial supersaturation with respect to the
atmospheric H2 concentration (0.55 ppmv).
Methane is an end product of the microbial metabolism in

this zone and occurs in concentrations equivalent to mixing
ratios of up to 90% (191). The pathways of CH4 production
(89, 275, 594, 596, 600) have frequently been reviewed. Further
trace gases that seem to be produced in the anoxic soil zone are
CO (110, 197, 302) and OCS (234, 235, 361). However, the
mechanism for production of these gases is not clear (see
above).
The sulfate reduction zone can also be quite extensive in

wetland soils, especially in marshes that are influenced by sea-
water. Sulfate reducers consume H2 and, in steady state, re-
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duce the H2 concentration to lower values than found in the
methanogenic zone, typically less than 2 to 10 nM (2, 331, 358).
Therefore, there will be a flux of H2 from the methanogenic
into the SO4

22-reducing zone (Fig. 3). However, this soil zone
is still substantially supersaturated with respect to atmospheric
H2. Nothing is known about the metabolism of CO in this zone,
although one could theoretically expect CO turnover by sulfate
reducers (334). The Fe31-reducing zones should further re-
duce the H2 concentration, since iron reducers are able to
metabolize H2 more efficiently than are sulfate reducers (331).
The NO3

2 reduction zone is the site where H2 concentra-
tions are kept at a low partial pressure by the action of, e.g.,
denitrifiers or DNRA bacteria (127, 225). However, partial
pressures are not necessarily lower than those in the Fe31-
reducing zone (see above) (Fig. 2). Consumption of CO and
OCS should theoretically be also possible, since carboxy-
dotrophs and thiobacilli, respectively, that reduce nitrate are
known (267, 367).
The NO3

2 reduction zone is also the zone where production
and consumption of NO and N2O occur by the action of deni-
trifiers and DNRA. A conceptual model of the effect of soil
water status on the production of N2O was presented by Keller
(265). The vertical zonation in soil and sediment of nitrifying
and nitrate-reducing activities and the regulation of these ac-

tivities have been studied in great detail by means of chemical
microsensors and 15N isotope pairing (251, 252, 382, 447, 448).
The results show that nitrification of ammonium in the oxic
surface layer is an important source of nitrate and that deni-
trification is often tightly coupled to this process (Fig. 3). The
fluxes of NO and N2O into the atmosphere are relatively small,
mainly because most of the produced NO and N2O is further
reduced to N2. The ratio of N2 to N2O produced increases with
the saturation of the soil pore space with water (568).
The oxic zone is dominated by consumption of trace gases,

i.e., oxidation of CH4, H2, CO, and H2S with O2 as the electron
acceptor (Fig. 3). The concentration of trace gases at the base
of the oxic zone is generally much higher than the concentra-
tions detected in the atmosphere or the gaseous pore space of
upland soils. This allows the development of trace gas-oxidiz-
ing microbial communities that are different from those dom-
inant in upland soils (95). The best-studied example so far is
the oxidation of CH4, which is obviously achieved by common
methanotrophs in the CH4-rich oxic zone of wetland soils but
is achieved by unknown bacteria with high affinity for CH4 in
the upland soils, where CH4 is supplied mainly from the atmo-
sphere (33).
Although the zonation in wetland soil is usually relatively

well defined, activity overlaps may occur. For example, al-

FIG. 3. Conceptual scheme of the vertical distribution of different redox reactions that influence the flux of H2 and other trace gases (CO, CH4, NO, and N2O) from
submerged vegetated soil and of the reoxidation of reduced inorganic electron acceptors by O2 in the oxic layers at the soil-water interface and the rhizosphere of
aquatic plants.
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though CH4 production is usually inhibited by the presence of
SO4, Fe

31 or NO3
2, mainly since sulfate reducers, iron reduc-

ers, and nitrate reducers outcompete methanogens for com-
mon electron donors (331, 562), the simultaneous operation is
possible if electron donors are not limiting, e.g., in organic-rich
soils and sediments (2, 328, 370, 571). However, more complex
interactions on the community level have also been discussed
(3) (see below).
Radial redox gradients. The same redox zonation as in the

vertical dimension theoretically also occurs radially around the
roots of O2-transporting aquatic plants. The release of O2 by
aquatic plants and increased redox potentials around the roots
have been documented (15, 16, 82, 187, 189, 194, 243, 293).
The availability of O2 allows the operation of chemical and
microbial oxidation reactions in the rhizosphere. Thus, the
rhizosphere of aquatic plants is an important site for the oxi-
dation of CH4 (144, 203, 204, 241, 282). Oxidation of H2 and
the presence of aerobic H2-oxidizing bacteria in the rhizo-
sphere has also been documented (209, 312, 476). Other re-
duced compounds, such as ferrous iron (31), ammonium (18,
169, 419), and sulfide (579), are also oxidized in the rhizo-
sphere. Although little is known about the actual zonation of
the individual redox-active substances because of methodolog-
ical difficulties, theoretical models have been constructed for
the distribution of O2 (17, 150, 547) and ferric iron (31, 285,
286).
Experiments with 15N-labelled ammonium or urea and flux

measurements in microcosms have indicated that denitrifica-
tion in bulk soil is tightly coupled to nitrification in the oxic
rhizosphere, which in turn can influence the production of
N2O and NO (18, 419). The importance of rhizospheric pro-
cesses for the emission of NO and N2O has not yet been
properly quantified, but field measurements of total fluxes,
including diffusion, ebullition, and plant transport, indicate
that wetlands constitute only a weak source of atmospheric NO
and N2O (see above).
The roots of aquatic plants are also sources of organic ma-

terial, which is either actively excreted or derived from
sloughed-off cells or decomposing dead roots (Fig. 3) (322,
565). One of the seasonal maxima of CH4 emission from rice
fields which is usually observed when the rice plants are in their
maximum growth phase is ascribed to stimulation of the
methanogenic bacterial community by root exudation (242,
383, 455). Recently, it has been demonstrated that the roots of
rice plants are colonized with methanogenic bacteria (320, 321)
and that root preparations of aquatic plants produce CH4 (52,
138, 277, 282, 320). However, the percent contribution of these
particular methanogenic populations to total CH4 emission
from wetlands is unknown. Also, the amount of microbially
available organic substrates should influence the extent of the
redox layers around the root, since these substrates fuel the
reduction of O2, NO3

2, Fe31, SO4
22, and CO2. However, no

experimental data exist.
Flux into the atmosphere. The flux of trace gases between

wetland soil and the atmosphere is driven by the concentration
gradient from the soil to the atmosphere. The transport pro-
cesses have been studied in some detail for the emission of
CH4 from wetlands (75, 76, 89, 92, 223, 477) but should, by
analogy, also apply to other trace gases and wetlands. There
are basically three different pathways of CH4 transport: plant
vascular transport, ebullition, and diffusion through soil and
flooding water.
The transport is driven by the CH4 concentration gradient

between the anoxic soil and the atmosphere (Fig. 3 and 4). The
gradient is built up by microbial production of CH4 in the
anoxic methanogenic zone of the soil but is modulated to a

large extent by CH4 oxidation taking place both in the oxic
surface layer and around the roots. More than 80% of the
diffusive CH4 flux appears to be oxidized in the oxic surface
layer of freshwater wetlands (53, 107, 223, 279, 283, 523). The
CH4 oxidation efficiency in the rhizosphere usually does not
quite reach the efficiency that is typical of the oxic soil surface
(.80%) but seems to be mostly in a range of only 20 to 50%
(148, 172, 203, 204, 478). The flux of CH4 by plant vascular
transport is usually the dominating emission pathway when the
wetland soil is covered by the appropriate vegetation. This has
been well documented in rice fields and other wetlands (76, 77,
241, 242, 478).
The process of ebullition has been reviewed (75, 76). Ebul-

lition is especially important in unvegetated wetlands. The
ebullition flux of CH4 (and other trace gases contained in the
bubbles) does not seem to be under the control of CH4-oxi-
dizing bacteria. However, the ebullition events can create
channels in the soil and thus enlarge the surface area that is in
direct contact with the oxic flooding water and consequently
can enlarge the oxic boundary layer at the soil-water interface,
which constitutes a suitable habitat for methanotrophic bacte-
ria (339).
In marine environments, aerobic CH4 oxidation is some-

times small (247, 387). Hypersaline microbial mats exhibited
no aerobic CH4 oxidation at all (102). Addition of salt to rice
fields resulted in a stronger inhibition of CH4 oxidation than of
CH4 production (147). The reason is probably the insufficient
adaptation of methanotrophic bacteria to high salt concentra-
tions (280, 467). Although a potential activity of halotolerant
methanotrophs has recently been found in hypersaline lagoons
(508), it is unclear how much this potential activity attenuates
the diffusive CH4 flux in situ.
The CH4 that has passed the CH4-oxidizing zone in the soil

surface layer enters the flooding water and is more or less
homogeneously mixed. The CH4 emission from the water
phase into the atmosphere is then a function of the CH4 con-
centration gradient between water and air. The CH4 flux can
be modelled from this concentration gradient and the gas
transfer velocity between the water and the atmosphere. The
transfer velocity is mainly a function of the wind speed (326,
336). Comparison of the calculated CH4 fluxes with those
actually measured indicate that some CH4 is consumed at the
water-air interface, presumably by microorganisms living in the
aquatic surface layer (neuston layer) (120, 224, 476). Hence,
the diffusive flux of CH4 from the anoxic methanogenic soil
layers into the atmosphere seems to be not only under the
control of CH4 production and CH4 oxidation at the soil-water
interface but also under the control of CH4 oxidation at the
water-atmosphere interfaces.

Upland Soils

Although upland soils are generally well aerated, they may
contain anoxic microniches (238, 488, 539, 592). One may
assume that gases are transported by diffusion or convection
within the soil gas phase rather than within the water phase.
Individual soil crumbs may then be considered units of trace
gas metabolism. In nonaggregated soils, similar units may be
represented by sand grains that are covered by a microbial
biofilm (Fig. 5).
Soil crumbs. Microorganisms in the soil crumbs or on sand

grains are the actual units of trace gas metabolism. However,
we know very little about the distribution of trace gas-metab-
olizing microorganisms and of their activities on this micro-
scopic scale. The CH4-oxidizing activity per gram (dry weight)
or per surface area was highest in a soil fraction consisting of
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relatively large soil particles (0.5 to 2 mm in diameter) (36).
The activity of the abiontic soil hydrogenase was found mainly
in soil particles of 0.1 to 0.5 mm in diameter, i.e., also in
somewhat large soil particles (227). These observations dif-
fered from the finding that bulk microbial biomass and micro-
bial ATP levels generally slightly increased with decreasing
particle sizes and were greatest in the clay fractions 3 to 10 mm
in diameter (227). Hence, individual activities in soil crumbs
and on sand grains may be quite heterogeneous.
Because of this heterogeneity, individual soil crumbs or sand

grains are likely to exhibit different redox gradients. However,
the redox stratification in soil crumbs is not well known be-
cause of methodological difficulties. Gradients can be mea-
sured only with microelectrodes on relatively large soil crumbs

that are usually prepared for this purpose. Studies of gradients
of O2 and N2O are noteworthy (238, 488, 592). However, we
are far from understanding the dynamics of processes in soil
crumbs. A central problem is the fact that soil crumbs are very
heterogeneous. Most are probably dominated by aerobic me-
tabolism, but some may be dominated by anaerobic metabo-
lism. The extent of the two processes depends mainly on the
availability of O2, which again is a function of diffusion and
microbial consumption (214, 428).
A further complication is that soil crumbs are not static.

Metabolic processes in an individual soil crumb continue only
as long as suitable substrates are available. Eventually, meta-
bolic degradation will cease if no substrates are supplied from
the outside. The lifetime of a soil crumb is thus limited.

FIG. 4. Change of trace gas concentrations with time in the headspace and of the initial vertical profiles of trace gases and trace gas-consuming and/or trace
gas-producing activities in incubated soil cores, such as are typical for CH4 in wetland soil (A), CH4 in upland soil (B), H2 in upland soil (C), and NO in upland soil
(D). Hatched areas indicate zones of consumption activity, and stippled areas indicate zones of production activity.
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Crumbs may aggregate after rainfall or bioturbation by the soil
fauna. New soil crumbs will be formed from fecal pellets.
Crumbs will form anew upon desiccation, especially in clay soil.
All these processes will have dramatic effects at the micro-
scopic level, where the trace gas-metabolizing microorganisms
are active.
Compensation concept. Soil crumbs may show net produc-

tion or net consumption, with both occurring simultaneously in
the same bulk soil sample (Fig. 4 and 5). The simultaneous
operation of both production and consumption has in fact been
shown for many trace gases, and this observation is the basis
for the compensation concept (93).
Trace gas consumption generally increases with trace gas

concentration (first-order kinetics, Michaelis-Menten kinetics,
etc.), in contrast to trace gas production, which is usually in-
dependent of end product concentration. Therefore, there is a
concentration at which production equals consumption, i.e.,
the compensation point,

mc5 P/k

where mc is the compensation mixing ratio, P is the production
rate, and k is the first-order uptake rate constant of the trace
gas. Compensation points have been demonstrated in upland
soils for most trace gases, e.g., H2, CO, NO, N2O, and OCS,
and this has recently been reviewed (93, 94).
To determine the production rate and consumption rate

separately in a soil system, one must measure the kinetics of
release or uptake in a way that allows the determination of
both k and mc. This can be done in a dynamic or a static
system, as described in detail elsewhere (93). P can then be
calculated from the equilibrium equation above, which as-
sumes compensation between production and consumption at
zero flux.
The determination of a production rate (P) should not be

confused with the determination of a release rate (R). Whereas
the former (P) is a gross rate, the latter (R) is a net rate, which
is given by

R5 P2 km

Both P and R are similar only if the simultaneously operat-
ing consumption process (k) is negligible. Release rates of NO,

for example, can be much lower than the NO production rates,
since NO consumption is of a similar magnitude to NO pro-
duction. For understanding the actual flux of NO at the soil
surface on a theoretical basis, it is thus better to know both the
production and consumption rates than only the resulting re-
lease rates.
In fact, the actual NO flux at the soil-atmosphere interface

was successfully calculated from NO production and consump-
tion rates by using a simple diffusion model that is based on the
compensation concept (200, 426, 442, 444). Nitric oxide is a
good example, since it shows both high and variable production
and consumption rates in soil and, consequently, highly dy-
namic compensation points (25, 303, 450). However, the basic
equations should also be applicable to other trace gases. A
good example for future research would be CO, which also
shows highly variable compensation points under both labora-
tory and field conditions (114, 119, 319).
The compensation concept provides a useful theoretical

framework for measuring trace gas metabolism in upland soils.
However, there are some caveats. The situation may be more
complicated when production and consumption are not dis-
tributed homogeneously. Legume fields, for example, both re-
lease and take up H2. The detection of a particular compen-
sation point for a given field situation or for planted soil
microcosms was used to quantify the gross rates of H2 release
and H2 uptake (111, 113, 470). On a smaller scale, however,
e.g., for soil samples taken from the legume field, the compen-
sation concept would give completely different results, since
the soil samples either are devoid of H2-producing root nod-
ules or contain them in a different state of activity. Root nod-
ules themselves are small entities that show both production of
H2 by nitrogenase and consumption of H2 by uptake hydroge-
nase (166). Nodules are again surrounded by soil in which H2
consumption is achieved by processes, i.e., the action of aero-
bic H2-oxidizing bacteria, different from those in bulk soil, i.e.,
the action of abiontic soil hydrogenases (88, 309, 401, 470).
Methane uptake. The compensation concept can probably

not be applied for the flux of CH4 between upland soils and the
atmosphere. Actually, compensation points for CH4 have so
far not been demonstrated, either in the field or in the labo-
ratory. In most upland soils, CH4 production is usually absent

FIG. 5. Conceptual scheme of the bidirectional fluxes of H2, CO, NO, and N2O between the upland soil and atmosphere as a result of the relative amounts of soil
entities (e.g., soil crumbs) that either release trace gas into the soil atmosphere (open symbols) or take it up (solid symbols).
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or marginal and the CH4 flux is dominated by CH4 oxidation.
However, examples of upland soils with a low CH4 production
activity also exist, although the production processes are still
unclear (see above). It seems that CH4 production and oxida-
tion processes are not homogeneously distributed but are ver-
tically separated from each other (Fig. 4). Therefore, any
“compensation point” that may be measured in the field would
have an ambiguous meaning, and the compensation concept is
not useful for modelling the CH4 flux.
If CH4 production were localized preferentially in surface

soil, e.g., in anoxic microniches of the litter layer (487), then
CH4 would be released into the atmosphere despite a relatively
strong CH4 consumption in deeper soil layers. Exactly this kind
of CH4 profile has been observed in forest soils of the Appa-
lachian mountains (587). On the other hand, other forest soils
(Adirondack) exhibited highest activities of CH4 production
and consumption in the organic litter layers (588). Only in the
latter case might the compensation concept be applied.
However, in most soils, atmospheric CH4 consumption

seems to be located in the subsoil, usually between the A and
B horizons (4, 136, 160, 297, 465, 574). This zonation contrasts
with that of other trace gases (H2, CO, NO, and N2O) for
which maximum production and consumption activities are
found in surface soil (Fig. 4) (117, 173, 319, 442–444, 482),
where most of the microbial biomass is located. The deeper
location of CH4 oxidation is possibly caused by edaphic factors
in the surface soil that are suboptimal or inhibitory for the
growth of CH4-oxidizing bacteria. Thus, the higher abundance
of ammonium in surface soil than in subsoil may cause inhibi-
tion of CH4 oxidation (465). The relatively large fluctuations of
soil moisture in the upper horizon may also restrict meth-
anotrophic activity to deeper layers, since methanotrophs seem
to be sensitive to water stress (467). The ecology of meth-
anotrophic bacteria has recently been reviewed (223, 280, 281).
The subsurface location of methanotrophs means that energy
requirements for maintenance and growth are obtained from
CH4 concentrations that are lower than atmospheric. Goulding
et al. (208) have hypothesized that methanotrophic popula-
tions may persist only at soil sites that are adjacent to methan-
ogenic microniches. However, this hypothesis is not supported
by the vertical CH4 profiles that have so far been reported in
soil.

ROLE OF MICROORGANISMS AS CONTROLLERS
OF TRACE GAS FLUXES

Most of our knowledge about trace gas metabolism in soil is
derived from functional studies, i.e., the determination of ac-
tivities in soil and in microbial culture. However, we know very
little about the microbial populations and communities in soil
that are actually performing the observed reactions. To corre-
late soil function with soil microbial populations, it is impor-
tant to know the physiological groups and the taxa of the
microorganisms involved, their numbers, and their localization
in the soil.

Diversity of Trace Gas-Metabolizing Microorganisms

One possibility for differentiating the various activities in-
volved in trace gase metabolism involves the use of inhibitors
specific (385) for particular groups of microorganisms or par-
ticular enzymes. For example, the selective contribution of
fungi and bacteria to atmospheric CO consumption was ana-
lyzed by using cycloheximide or streptomycin to inhibit the two
respective groups (114). Production of NO and N2O by either
nitrifiers or denitrifiers is usually differentiated by the addition

of AMO inhibitors such as nitrapyrin or acetylene (143, 288,
289, 423). An unambiguous routine assay for differentiating
between CH4-oxidizing methanotrophs and nitrifiers has not
been reported yet (29, 386, 387).
Functional groups of bacteria are usually detected and enu-

merated by their ability to grow under specific conditions. For
example, CH4-oxidizing bacteria are enumerated by using
growth in media with CH4 as the sole energy source. However,
this procedure does not cover any bacteria that cooxidize CH4
without using it for growth. Therefore, the classical enumera-
tion procedures have only a very restricted usefulness for the
study of trace gas-metabolizing microorganisms. It is very likely
that the functional groups of microorganisms involved in trace
gas metabolism consist of several species. Many species be-
longing to the same functional groups are probably present in
soil but have not yet been cultured. It is likely that the most
active bacteria in soil are unknown. Therefore, it is necessary
to assess the microbial diversity involved in trace gas metabo-
lism by methods others than cultivation techniques. Study of
the reassociation kinetics of single-stranded soil DNA has
demonstrated that 1 g of soil contains about 4,000 different
bacterial genomes (542).
A possible approach to the study of soil microbial popula-

tions without culturing them is to investigate macromolecules
that are characteristic of the bacteria of interest. These mac-
romolecules can either be directly isolated from soil or be
detected in soil by the use of labelled antibodies or nucleic acid
probes. The most promising target molecules are nucleic acids
(8, 388, 456, 561) and lipids (544, 550), as reviewed elsewhere.
Most of the techniques address the microbial diversity at the
phylogenetic level, e.g., 16S rRNA genes or lipids that are
diagnostic for specific bacterial taxa. The assessment of micro-
bial diversity at the physiological level is more difficult, since it
requires the detection and quantification of macromolecules
that are typical of a physiological function, e.g., structural
genes or the mRNA of an enzyme or the enzyme itself. Such
techniques have not been applied to a great extent to the study
of microbial trace gas metabolism in soil or sediment. How-
ever, some examples do exist.
Progress has recently been made with respect to the detec-

tion of CH4-oxidizing bacteria in soil and peat by using PCR
techniques that target the genes of either soluble methane
monooxygenase or group-specific sequences of the 16S rRNA
(349, 375). The results indicate the existence of so far unknown
“species” of methanotrophs in soil and water. The presence
and abundance of methanotrophs in soil were also assessed by
analyzing signature phospholipid fatty acids (218, 381, 519).
Phylogenetic hybridization probes have been developed for

methanogens and successfully applied to the analysis of the
composition of the methanogenic community in anaerobic re-
actors (416, 417). Methanogenic microbial communities in di-
gestors have also been studied by using immunological probes,
which give some information on their topography in digestor
flocs (217, 335). Signature lipids of methanogens have been
used for a coarse analysis of the methanogenic community of
an Antarctic lake sediment (338). Similar studies should also
be possible in other CH4-producing habitats, e.g., soil. By using
rice soil microcosms, cloning and sequencing techniques have
recently been applied to determine the dominant methano-
genic populations (320). The results indicate that methanogens
related to the genera Methanobacterium and Methanosaeta are
most frequent in the anoxic bulk soil while methanogens re-
lated to the genus Methanosarcina and to a new branch within
the Methanomicrobacteria were dominant in the rhiozosphere
of the rice plants (320, 321).
The composition of the natural communities of microorgan-
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isms which belong to a well-defined physiological group but are
polyphyletic and spread over several taxa cannot be readily
analyzed by using probes and primers that are based on rRNA
genes. Instead, functional probes and primers based on the
genes of dissimilatory enzymes may be used. For analyzing
communities of denitrifiers, probes and primers against nitrate
reductase, nitrite reductase, and N2O reductase (503, 559) and
antibodies against nitrite reductases (128, 295) have been de-
veloped. Both approaches have been applied to natural envi-
ronments (325, 560). The study of soil environments demon-
strated the presence of bacteria that possess genes for
denitrifying enzymes (325, 503). However, because of cross-
reactions and false-positive results on the one hand and of too
narrow a specificity of the probes on the other hand, the tech-
niques targeting functional genes or enzymes are of very lim-
ited use for analyzing the community of denitrifiers (including
uncultured ones) in soil.
Similarly, hybridization probes against the hydrogenase gene

of aerobic H2-oxidizing bacteria were used to characterize H2-
consuming bacterial isolates from soil, but with limited success
(292). The problem is that the probes and primers were de-
signed for a rather limited range of bacterial species but are
intended to target a large number of unknown and usually
uncultured bacteria that by definition share only the charac-
teristic of possessing a hydrogenase gene. The design of prim-
ers and probes with such a broad specificity is very difficult.
However, probes and primers with a narrow specificity, e.g.,
against the hydrogenase gene of bacteria related to Alcaligenes
eutrophus, were successfully applied to retrieve sequence in-
formation for so far uncultured Knallgas bacteria in soil (312).
Primers and probes against a limited group of hydrogenase
genes, e.g., those of the sulfate-reducing genus Desulfovibrio,
have also been applied successfully to detect these bacteria in
anaerobic reactors and microbial mats (567). Communities of
hydrogenase gene-containing sulfate reducers in oil fields and
soil have also been analyzed by reverse sample genome prob-
ing, in which the environmental DNA is used as the probe and
is assayed against a selection of cultured bacteria to test
whether they might be present in the particular environment
(529, 553). However, sulfate reducers are related to each other
closely enough that their communities in microbial mats can
also be analyzed by phylogenetic (16S rRNA) probing (9, 415).
Recently, PCR amplification of the gene (mcr) of the meth-

yl-CoM reductase, the key enzyme of CH4 production, has
been used to detect and characterize populations of methano-
gens in peat soil (221).

Composition of the Microbial Community and
Control of Trace Gas Flux

Microbial metabolism is one of the controls of the trace gas
flux between soil and atmosphere. Metabolic processes are
affected by environmental variables (e.g., temperature and nu-
trients) acting either on the enzyme activities that have been
expressed by the resident microbial populations, on the syn-
thesis of new enzyme activities, or on the proliferation of
particular soil microorganisms. All these levels of control are
important. However, the role of microbial community compo-
sition is the least understood. I will give a few examples.
Effect of nitrogen fertilization on methane uptake. A num-

ber of studies have shown that nitrogen addition reduces the
uptake of atmospheric CH4 by soil (71, 130, 206, 222, 369, 379,
495, 513). However, some investigators have observed no effect
of nitrogen fertilization (62, 188, 527), found only a long-term
but no short-term effect (245, 246), or even observed a stimu-
lation associated with a change in vegetation (306). These

different observations have been interpreted as either direct
inhibition of CH4 oxidation by ammonium, gradual competi-
tive displacement of the CH4-oxidizing methanotrophs by
CH4-oxidizing nitrifiers, or more complex changes in the soil.
Direct inhibition of CH4 oxidation by ammonium has been
demonstrated in pure cultures of methanotrophs as well as in
soil samples (29, 35, 63, 160, 284, 465). Castro et al. (71) and
Steudler et al. (514) observed that the ratio of CH4 to CO
oxidation became lower upon nitrogen fertilization and attrib-
uted this to a shift from methanotrophs to nitrifiers as the
prevailing CH4-oxidizing population. On the other hand,
Bender and Conrad (35) observed no decrease in CH4 oxida-
tion rates when soil samples were enriched in the population of
ammonium-oxidizing nitrifiers. Quite in contrast, the addition
of ammonium to these soils was less inhibitory to CH4 oxida-
tion than to the control soils. Hence, it remains unclear
whether and how much a population shift from methanotrophs
to nitrifiers can contribute to the fertilizer effects observed in
field studies.
The interpretations of most of the field studies suffer from a

lack of information about the vertical distribution of the activ-
ities of CH4 oxidation in the context of nitrogen transforma-
tion. Dunfield et al. (163) recently showed that fertilization had
no effect on the CH4 uptake by peat soil, since the CH4-
oxidizing activity was localized in subsoil but the ammonium
added was immobilized, volatilized as NH3, or oxidized to
nitrate in the soil surface layers.
A conceptual model of the effects of nitrogen fertilizers on

CH4 uptake by soil is presented in Fig. 6. This model is based
on the observation that the zone of ammonium oxidation is
located in the soil surface layers and thus is separated from the
zone of CH4 oxidation, which is located in deeper soil layers
(465). This separation is thought to be due to the inhibition of
CH4 oxidation by ammonium. Populations of methanotrophs
can therefore persist only in subsoil, where ammonium con-
centrations are usually below the inhibitory level. As a conse-
quence, CH4 has to diffuse from the surface down to the
subsoil to become oxidized. The CH4 oxidation activity in sub-
soil extends over depths where sufficient CH4 is available and
ceases when CH4 concentrations decrease below a threshold.
Fertilization temporarily increases the ammonium concentra-
tion in the surface layer. If the ammonium oxidation activity in
the surface layers is too low to prevent vertical transport, the

FIG. 6. Conceptual scheme of the inhibitory effect of ammonium fertilizer on
CH4 uptake by soil as a result of the displacement of potential CH4-oxidizing
activities to deeper soil layers.
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ammonium concentrations may reach inhibitory levels in the
zone of CH4 oxidation, so that CH4 has to diffuse to still
deeper layers to become oxidized. Consequently, the vertical
CH4 gradient would become less steep and the CH4 flux would
decrease. The inhibitory effect of the ammonium fertilizer
would thus basically be a displacement of the CH4 oxidation
activity to deeper soil layers. On the other hand, if the ammo-
nium oxidation activity in surface soil (or other ammonium
removal mechanisms) is high enough to prevent leakage of
ammonium to deeper layers, fertilization would have no im-
mediate effect on CH4 oxidation. This would particularly be
the case when soil plots have received fertilizers for a long
time, so that nitrogen turnover in surface soil is more active
and the zone of CH4 oxidation is displaced to greater depth.
Cores of such soil plots would exhibit lower CH4 uptake rates
than those of unfertilized control plots and would be less prone
to react to short-term fertilization (188, 245, 527). Natural soil
with a relatively deep location of the CH4 oxidation zone or
high activity of the ammonium oxidation zone would behave
similarly (163).
Initiation of methanogenesis. Production of CH4 in period-

ically submerged wetland soils is initiated some time after
flooding. Methanogenesis is initiated after the sequential re-
duction of O2, nitrate, manganese(IV), iron(III), and sulfate.
The sequential reduction process occurs largely according to
the thermodynamic theory, which predicts that electron accep-
tors with a more positive redox potential are preferred (595).
The general operation of the sequential reduction process has
been repeatedly shown in soils that become anoxic after being
flooded (393, 400). However, the exact mechanism that con-
trols the initiation of CH4 production and the dynamics of the
microbial populations involved is still unclear.
One possibility is that methanogens are present only as a

marginal population and increase in number as soon as the
nonmethanogenic electron acceptors are reduced and thermo-
dynamic conditions become favorable for CH4 production. In-
deed, the numbers of methanogens increased in soils that had
never been flooded before, e.g., desert soil (396). On the other
hand, however, the numbers of methanogens were relatively
stable at a high titer throughout the annual drainage and flood-
ing periods of rice fields (19, 348, 478). Obviously, the non-
sporulating, obligately anaerobic methanogens are able to sur-
vive in soil under adverse conditions to a greater extent than
was previously believed possible (181). However, because of
the presence of yet uncultured methanogens in soil (221, 320,
321), we cannot be sure that the composition of the community
of methanogens remains unaltered during the initiation of
methanogenesis upon flooding of soil.
Irrespective of whether the methanogens grow first or are

already present in sufficient numbers, a central question is
which environmental factor triggers the initiation of CH4 pro-
duction. One possible factor is the concentration of methano-
genic substrates. For example, the H2 concentration has to be
higher than the threshold value required for a favorable ther-
modynamic reaction (Fig. 2) (see above). Similarly, the acetate
concentration has to be sufficiently high to allow exergonic
CH4 production from acetate. Theoretically, the concentra-
tions of both substrates should be kept below the threshold of
methanogens by the thermodynamically more favorable con-
sumption activities of sulfate reducers and ferric iron reducers,
which are active as long as sulfate and ferric iron are available.
After depletion of sulfate and ferric iron, the steady-state con-
centrations of H2 and acetate would increase and thus trigger
the initiation of CH4 production. This theory is supported by
observations in a river sediment which exhibited increasingly
higher H2 concentrations during the successive reduction of

sulfate and ferric iron and stabilized at the methanogenesis-
specific threshold when production of CH4 was the only redox
process (331). Similarly, in anoxic lake sediment and paddy
soil, inhibition of CH4 production by sulfate or ferric iron was
paralleled by a decrease of H2 to concentrations that were
thermodynamically nonpermissive for CH4 production (2,
329). In this case, a too low substrate concentration was prob-
ably the factor that turned CH4 production off. However, the
theory was not supported by observations in four different
submerged soils, which showed H2 and acetate concentrations
that were sufficient for exergonic methanogenesis but in which
CH4 production was nevertheless not initiated before sulfate
and ferric iron were depleted (396). In this case, the methan-
ogenic substrates cannot have acted as the signal for initiation
of CH4 production.
Another potential signal for initiation of methangenesis is

the soil redox potential (Eh). Rates of CH4 emission from rice
fields correlate negatively with the soil redox potential (342).
Production of CH4 in Methanosarcina barkeri starts as soon as
the redox potential of the medium drops below150 mV (182).
As the redox potential of the medium was buffered by a mix-
ture of ferrous and ferric iron, one could hypothesize that CH4
production in methanogens is switched on by a regulator pro-
tein that reacts with iron similarly to the global regulation of
aerobic and anaerobic metabolism in Escherichia coli (546).
Indications of soil redox potential as a signal for initiation of
methanogenesis were recently obtained when several upland
soils were flooded, resulting in anoxic and methanogenic soils
(396). The possible importance of redox potential in addition
to that of thermodynamically permissive substrate concentra-
tions was also demonstrated for methanogenic paddy soil that
was temporarily aerated or drained and subsequently showed
suppression of CH4 production until all the sulfate and ferric
iron that were produced during the aeration phase was re-
duced again (418). It is possible that both the concentration of
methanogenic substrates and the redox potential (mediated by
a redox active compound, e.g., iron) act as signals depending
on the type of methanogenic community involved, but the
dynamics of the latter have not yet been investigated.
Effect of temperature on methanogenesis. Methane produc-

tion increases exponentially with increasing temperature of
submerged peat or paddy soil (162, 479, 487, 521, 570, 571). In
addition, temperature seems to affect the contribution of ace-
tate relative to H2 plus CO2 as precursors for CH4 production.
At low temperatures, the contribution of H2 plus CO2 to
methanogenesis is small, with CH4 being derived mainly from
acetate (79, 109, 471, 472, 520). Existing cultures of methano-
gens all cease to produce CH4 from H2 plus CO2 if tempera-
tures are lower than 15 to 208C (51, 600). On the other hand,
there are psychrotrophic homoacetogenic cultures that are
able to convert H2 plus CO2 to acetate at low temperatures
(100, 299, 300). Setting up cultures on H2 plus CO2 with soil or
sediment as the inoculum usually results in the enrichment of
bacteria producing acetate instead of CH4 at low temperature
(100, 299, 300, 471). On the other hand, at high temperature,
some acetogens can convert acetate to H2 plus CO2 (313). This
acetate cleavage is then followed by H2-dependent methano-
genesis in thermophilic digestor sludge (5, 314).
From these observations, one is tempted to conclude that

H2-dependent methanogens do not operate at low tempera-
ture and are replaced by H2-dependent homoacetogens. How-
ever, this is probably not the case. Although psychrotrophic
methanogens have not been isolated thus far, there are reports
of H2-dependent methanogenesis in sediments and submerged
soil at low temperatures (69, 377, 378, 570). Therefore, it is
likely that psychrotrophic H2-consuming methanogens do exist
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but have not been cultured. In addition, thermodynamic cal-
culations have often indicated that H2-dependent homoaceto-
genesis is endergonic at in situ H2 concentrations (79, 439, 471,
533). A more likely explanation for the decreased contribution
of H2 to methanogenesis at low temperature is a shift in the
fermentation pathway of organic matter. It has been shown
that the production of H2 by syntrophic proton-reducing bac-
teria is especially sensitive to low temperatures (79, 109, 471).
For example, a decrease in the temperature of methanogenic
paddy soil from 30 to 158C resulted in both a decrease in the
H2 concentration and an increase in the concentration of fatty
acids, indicating that syntrophic fatty acid degraders were in-
hibited at the lower temperature (79). An increase in the
temperature of cold profundal lake sediment from 4 to 208C,
on the other hand, resulted in increased H2 concentrations,
increased production of fatty acids, and increased contribution
of H2 to CH4 production (471). These observations suggest
that temperature has a decisive influence on the pathway of
organic matter degradation to CH4. Presently available exper-
iments and observations indicate that at low temperature, or-
ganic matter degradation is dominated by homoacetogenesis
followed by acetotrophic methanogenesis, whereas at high
temperature organic matter degradation is dominated by fer-
mentation followed by syntrophic H2 production plus H2-de-
pendent methanogenesis. The assumption that the syntrophic
bacteria rather than the H2-dependent methanogens constitute
the step that is actually limited by low temperature is sup-
ported by the following observation: an increase in the con-
centration of H2 but not in cellulose stimulated H2-dependent
methanogenesis in lake sediment at low temperature (472).
The enhancement of syntrophic bacteria and H2-dependent
methanogenesis by increasing temperature may be one of the
reasons why the aggregation of syntrophic and methanogenic
bacteria seemed to intensify in a lake sediment during summer
stratification (103).
Interspecies hydrogen transfer in microbial aggregates. In-

terspecies H2 transfer is a key process in the anaerobic degra-
dation of organic matter to CH4 (156, 462, 511, 594, 596).
Interspecies H2 transfer is accomplished between fatty acid- or
alcohol-oxidizing H1-reducing acetogenic syntrophic bacteria
and H2-consuming methanogenic bacteria. The process is
obligatory for the syntrophs which depend on the maintenance
of a low H2 concentration by the methanogens for thermody-
namic reasons. Characterization of the kinetics and thermody-
namics of the H2 transfer reaction in anoxic digestors, sedi-
ments, and soil has shown that syntrophs and methanogens are
juxtaposed; i.e., they operate within a microbial aggregate (90,
99, 106, 108). Hydrogen may be replaced by formate as the
transferred electron equivalent in some situations (50, 157,
535). The formation of microbial aggregates to achieve syntro-
phic degradation of fatty acids and alcohols probably facilitates
the diffusional transfer of H2 or formate between the two
bacterial groups and thus alleviates the energetic problems
involved (50, 463).
Nothing is known about the actual composition of the mi-

crobial aggregate communities in anoxic soil and sediment. In
fact, evidence for the existence of microbial aggregates in soil
and sediment is only circumstantial and is not based on direct
microscopic observations (90). However, information exists for
anaerobic digestor flocs which may be considered to be a
model system for microbial aggregates with interspecies H2
transfer (217, 228, 551, 583–585). Harmsen (228) investigated
the architecture of different digestor flocs by using phyloge-
netic DNA probes and showed that the syntrophic and methan-
ogenic bacteria existed in distinct clusters in the interior of the
flocs, whereas the bacteria fermenting the primary substrates

formed the outer layer of the flocs. However, a lattice-type
rather than a cluster-type arrangement of the syntrophic part-
ner cells has also been observed (159, 534). Schink (462) sug-
gested that because of continuous cell division, small lattice-
type aggregates inadvertently turn into cluster-type aggregates
until the whole floc is mixed up again. Soils and sediments
probably can contain only small microbial aggregates because
of spatial limitations. The observation that the contribution of
juxtaposed interspecies H2 transfer to total CH4 production
increased during the season in the relatively fluffy sediment of
Lake Mendoata was interpreted as being due to increased
formation of microbial aggregates (103). In anoxic paddy soil,
on the other hand, CH4 production by juxtaposed H2 transfer
was maximal from the onset of CH4 production (104). Possibly,
syntrophic bacterial aggregates that produce CH4 consist of
only a few bacteria which are confined together in or on a soil
crumb or grain.
The digestor flocs exhibited a very high bacterial diversity

including not only fermenting bacteria, homoacetogens, syn-
trophs, and methanogens, as theoretically expected, but also
sulfate reducers (583) and even aerobic heterotrophs (263).
The aerobes allow the operation of CH4 production even in an
oxic environment. The sulfate reducers, on the other hand,
may function as syntrophs themselves and convert ethanol or
lactate to acetate plus H2 in the presence of H2-consuming
methanogens (66, 350). There is strong evidence that sulfate
reducers can function as syntrophs in digestor flocs (534, 583).
Phylogenetic analysis indicated a close relationship of syntro-
phic propionate-oxidizing bacteria to sulfate reducers (229,
230, 556).
Circumstantial evidence from kinetics studies indicates that

sulfate reducers may function as syntrophic partners in methan-
ogenic aggregates in Lake Mendota sediment (103). In this
case, the immediate inhibition of methanogenesis by addition
of sulfate may actually be the result of a diversion of the
electron flow (Fig. 7): the fatty acid- or alcohol-degrading
sulfate reducers stop producing H2 syntrophically and instead
reduce sulfate, maybe even competing with the methanogens
for H2 produced by other bacteria (89).
We recently interpreted the inhibition of acetate-dependent

methanogenesis by sulfate in anoxic paddy soil in a similar way
(3). In this particular soil, the population of acetate-utilizing
sulfate reducers was very small and was confined to spores of
Desulfotomaculum. However, H2-utilizing Desulfovibrio species
were present and were able to decrease the H2 concentration
in the presence of sulfate so much that H2-dependent methan-
ogenesis was thermodynamically no longer feasible. Inhibition
and radiotracer experiments indicated that the decrease in H2
concentration could have resulted in the conversion of the
methyl group of acetate to CO2 instead to CH4 and in the
transfer of the reducing equivalents as H2 to the sulfate reduc-
ers (Fig. 7). Such an interspecies H2 transfer has been shown
for cocultures of acetate-utilizing Methanosarcina and H2-uti-
lizing Desulfovibrio species (398). It is questionable whether
similar explanations hold for the inhibition of acetate-depen-
dent methanogenesis by iron(III) and nitrate (2, 3, 260, 290).
However, not only is there a close phylogenetic relationship
among the genus Pelobacter (functioning as a fermenting or
syntrophic bacterium), sulfate- or sulfur-reducing bacteria, and
Fe31-reducing bacteria, but also members of all of these func-
tionally defined groups are able to reduce Fe31 (86, 333).
Therefore, one could imagine that a bacterium functions in a
microbial aggregate once as the syntrophic partner but also as
a sulfate reducer or ferric iron reducer when sulfate or Fe31

becomes available. A similar situation may also be imagined
with respect to nitrate, as, for example, Desulfovibrio desulfu-
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ricans can function not only as a sulfate reducer but also as
nitrate reducer, as a ferric iron reducer, and as a syntroph with
methanogens (86, 127, 484). In fact, this bacterium can also
function as an O2 respirer, reducing O2 preferentially before
NO3

2 and SO4
22 (304). Investigation of both function and

community structure will be necessary to elucidate these kinds
of microbial interactions in soil and other environments.
Production of NO and N2O. NO and N2O flux between the

soil and the atmosphere results from complex and little-under-
stood interactions of different processes in soil that occur si-
multaneously. Since processes involved in production (e.g.,
nitrification) often differ from those involved in consumption
(e.g., denitrification), production and consumption are regu-
lated differently (96). Furthermore, NO production and N2O
production are a composite of different processes, such as
nitrification and denitrification, that vary in relative signifi-
cance depending on soil conditions (141–143, 289, 394, 423,
433, 475, 496, 543). Even one particular process, e.g., denitri-
fication, can be a composite of different bacterial species that
may be phylogenetically distant from each other and express
different types of enzymes. For example, the NO-producing
nitrite reductase can be either a copper-type or a cytochrome
cd-type enzyme (128). Both NO production and N2O produc-
tion in denitrifiers are a function of the relative activity of the
producing and the consuming enzymes, i.e., nitrite reductase
and NO reductase for NO production and NO reductase and
N2O reductase for N2O production (38, 351, 591). The actual
turnover of nitrogen by these enzymes depends on substrate
concentrations and the kinetic properties of the enzymes. The
specific activities of the enzymes depend on biosynthesis (tran-
scription and translation) and inactivation. The available in-
formation on the regulation of enzyme synthesis suggests that
O2 partial pressure and concentrations of nitrogen substrates
are major regulators (538). More importantly, however, the
patterns of regulation seem to be different in different species

of denitrifiers (32, 48, 129, 296, 351, 425, 581). The expression
of denitrifying enzymes shows different O2 sensitivities for the
different bacterial strains. There are also bacteria that dentrify
under aerobic conditions (327, 435, 436). The different effects
of O2 on the expression of the various bacterial nitrite reduc-
tases, NO reductases, and N2O reductases will affect whether
NO or N2O is the dominant product when the O2 availability
in soil changes. Therefore, knowledge of the composition of
the community of denitrifiers in soil is important for under-
standing of the production of NO and N2O. Unfortunately,
there are only a few studies of expression of denitrifying en-
zymes in soil after the onset of anaerobiosis (146, 186, 505).
The results indicate that synthesis of nitrate reductase and
nitrite reductase starts within hours whereas synthesis of ni-
trous oxide reductase is delayed for more than 1 day, so that
N2O is produced. None of these studies involved the investi-
gation of the composition the microbial community or looked
for the metabolism of NO. Therefore, it remains unclear
whether the pattern of NO and N2O production are affected by
the composition of the denitrifier community in natural soil.
Community effects are not unlikely, since soil which is
amended with different denitrifiers exhibits completely differ-
ent patterns of production of NO and N2O (1, 372).
There are reports that the soil microbial communities which

reduce nitrate differ as a function of temperature (202, 278,
449) and pH (41, 392, 490). There are also numerous reports
that the production and release of NO and N2O from soil into
the atmosphere are affected by soil temperature and pH (213,
434, 451, 578). However, the available information does not
allow a synthesis of the observed patterns of release or pro-
duction of NO and N2O with patterns of microbial community
composition.
These examples provide a narrow focus on denitrification

and on three of the most conspicuous soil variables, i.e., aer-
ation (soil water), temperature, and pH. The real situation,

FIG. 7. Conceptual scheme of the interspecies H2 transfer between sulfate-reducing and methanogenic bacteria. (A and B) Sulfate reducer degrading fatty acids
or alcohols either in syntrophy with a methanogen or in unitrophy by using sulfate as electron acceptor. (C and D) Methanogen converting the methyl group of acetate
to CH4 in unitrophy or to CO2 in syntrophy with a sulfate reducer.
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however, is much more complex and involves a hierarchy of
environmental controls that affect denitrification rates on the
one hand (538) and the fraction of NO and N2O produced on
the other hand (185). Furthermore, the real situation in soil
probably involves many more types of microbial metabolism,
such as autotrophic and heterotrophic nitrification, nitrate res-
piration, and DNRA, which produce and consume NO and
N2O (96). This complexity will be understood only when more
is known about the microorganisms involved and their metab-
olism.

CONTROL ON THE ECOSYSTEM LEVEL

Trace gases are produced and consumed by defined reac-
tions in individual microorganisms. Any control of the produc-
tion or consumption process is exerted at this level initially.
However, it is also relevant to ask whether the microbial di-
versity and community structure in soil have any consequences
at the ecosystem level (461). Although a microbiologist may
tend to answer this question in the affermative, the true answer
is by no means clear.
In fact, much of the spatial and temporal variability of trace

gas fluxes between the soil and the atmosphere can often be
explained by only a limited number of factors, including soil
and parent material, climate, vegetation, and topography
(346). Thus, empirical models that are based on correlation
analysis involving easily measureable soil variables (e.g., tem-
perature, moisture, texture, and organic carbon) often predict
trace gas fluxes quite well. Statistical techniques, such as mul-
tiple regression or multivariate data analysis, help to assess the
optimum set of variables to be measured. For example, water
table position, temperature, and degree of peat humification
explained 91% of the variance in the logs of CH4 flux from a
peatland in Northern Minnesota (155). Weaker but still signif-
icant correlations of CH4 flux to a few predictors have also
been reported for other sites (67, 196). Emission rates of N2O
from some soil environments (e.g., prairie ecosystems) have
also been predicted amazingly well from a few soil variables
such as temperature, moisture, and inorganic nitrogen (460).
The strong correlations of CH4 emission with water table
height and of N2O emission to inorganic nitrogen compounds
are easily understood, since microbial methanogenesis requires
anoxia and microbial N2O production requires either ammo-
nium or nitrate as a substrate. Empirical models based on
various physical and chemical parameters are successful with-
out considering the structure of the microbial community.
Even largely mechanistic models of NO and N2O production
that differentiate between nitrification and denitrification ne-
glect microbial community structure (316, 317, 404).
In some studies, it was found that trace gas fluxes were

controlled largely by a single ecosystem function that created a
bottleneck in substrate flow. For example, rates of N2O emis-
sion from tropical soils were strongly correlated with rates of
net nitrogen mineralization which limited nitrification and
denitrification and thus also N2O production (344). On the
other hand, although NO release should be limited by nitrogen
mineralization in the same way as N2O release is limited, the
release rates of these gases have often been found to be anti-
correlated because of the different reactions of the gases to
changing soil moisture (266). Annual fluxes of N2O were cor-
related with the annual aboveground net primary production
in a tallgrass prairie landscape (216). Similarly, rates of CH4
emissions from wetlands correlated well with the net ecosystem
productivity, i.e., the amount of the net primary production
that is left in the ecosystem and is not immediately liberated by
microbial decomposition (576). A control of CH4 production

by primary productivity was supported by the observation that
CH4 emission rates increased when wetland vegetation was
exposed to elevated CO2 concentrations (137). On the other
hand, net ecosystem productivity was not a decisive controller
of CH4 emission in Swedish peatlands (555).
Relevant trace gas flux measurements on the ecosystem or

landscape level are still scarce. In addition, the classification of
ecosystems is not satisfactory, and the possible mosaic struc-
ture of an ecosystem is also subject of debate (427). The mi-
crobial community structure in the soil of the various ecosys-
tems and ecosystem mosaics is largely unknown. Therefore, it
cannot be assessed safely at present whether the soil commu-
nity structure is important for the trace gas flux. In addition, we
do not know the scale in space and time on which it is possibly
important. Therefore, it remains unclear whether trace gas flux
at the ecosystem level is finally controlled by a few processes
only or whether changes in the diversity and composition of
microbial species are also important. However, by analogy to
ecological studies of plant and animal communities (376, 473,
540, 541), I would dare to predict that microbial species diver-
sity is an important factor in ecosystem function.
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246. Hütsch, B. W., C. P. Webster, and D. S. Powlson. 1994. Methane oxidation
in soil as affected by land use, soil pH and N fertilization. Soil Biol.
Biochem. 26:1613–1622.

247. Iversen, N. 1996. Methane oxidation in coastal marine environments, p.
51–68. In J. C. Murrell and D. P. Kelly (ed.), Microbiology of atmospheric
trace gases. Sources, sinks and global change processes. Springer-Verlag
KG, Berlin.

248. Iversen, N., and B. B. Joergensen. 1985. Anaerobic methane oxidation rates
at the sulfate-methane transition in marine sediments from Kattegat and
Skagerrak (Denmark). Limnol. Oceanogr. 30:944–955.

249. Jackson, R. W., and J. A. DeMoss. 1965. Effects of toluene on Escherichia
coli. J. Bacteriol. 90:1420–1425.

250. Jenkinson, D. S., and J. N. Ladd. 1981. Microbial biomass in soil: measure-
ment and turnover, p. 415–471. In E. A. Paul and J. N. Ladd (ed.), Soil
biochemistry. Marcel Dekker, Inc., New York.

251. Jensen, K., N. P. Revsbech, and L. P. Nielsen. 1993. Microscale distribution
of nitrification activity in sediment determined with a shielded microsensor
for nitrate. Appl. Environ. Microbiol. 59:3287–3296.

252. Jensen, K., N. P. Sloth, N. Risgaard-Petersen, S. Rysgaard, and N. P.
Revsbech. 1994. Estimation of nitrification and denitrification from micro-
profiles of oxygen and nitrate in model sediment systems. Appl. Environ.
Microbiol. 60:2094–2100.

253. Johansson, C. 1987. Pine forest: a negligible sink for atmospheric NOx in
rural Sweden. Tellus 39B:426–438.

254. Johansson, C., and I. E. Galbally. 1984. Production of nitric oxide in loam
under aerobic and anaerobic conditions. Appl. Environ. Microbiol. 47:
1284–1289.

255. Jones, H. A., and D. B. Nedwell. 1993. Methane emission and methane
oxidation in land-fill cover soil. FEMS Microbiol. Ecol. 102:185–195.

256. Jones, R. D., and R. Y. Morita. 1983. Methane oxidation by Nitrosococcus
oceanus and Nitrosomonas europaea. Appl. Environ. Microbiol. 45:401–410.

257. Jones, R. D., and R. Y. Morita. 1983. Carbon monoxide oxidation by
chemolithotrophic ammonium oxidizers. Can. J. Microbiol. 29:1545–1551.

258. Jones, R. D., R. Y. Morita, and R. P. Griffiths. 1984. Method for estimating
in situ chemolithotrophic ammonium oxidation using carbon monoxide
oxidation. Mar. Ecol. Progr. Ser. 17:259–269.

259. Jordan, S. L., A. J. Kracziewicz-Dowjat, D. P. Kelly, and A. P. Wood. 1995.
Novel eubacteria able to grow on carbon disulfide. Arch. Microbiol. 163:
131–137.

260. Jugsujinda, A., R. D. DeLaune, and C. W. Lindau. 1995. Influence of nitrate
on methane production and oxidation in flooded soil. Commun. Soil Sci.
Plant Anal. 26:2449–2459.

261. Junge, C. 1972. The cycle of atmospheric gases - natural and man made. Qt.
J. R. Meteorol. Soc. 98:711–729.

262. Katayama, Y., Y. Narahara, Y. Inoue, F. Amano, T. Kanagawa, and H.
Kuraishi. 1992. A thiocyanate hydrolase of Thiobacillus thioparus—a novel
enzyme catalyzing the formation of carbonyl sulfide from thiocyanate.
J. Biol. Chem. 267:9170–9175.

263. Kato, M. T., J. A. Field, and G. Lettinga. 1993. Methanogenesis in granular
sludge exposed to oxygen. FEMS Microbiol. Lett. 114:317–323.

264. Kawamura, S., J. G. O’Neil, and J. F. Wilkinson. 1983. Hydrogen produc-
tion by methylotrophs under anaerobic conditions. J. Ferment. Technol.
61:151–156.

265. Keller, M. 1994. Controls on soil-atmosphere fluxes of nitrous oxide and
methane—effects of tropical deforestation, p. 121–138. In R. G. Zepp (ed.),
Climate-biosphere Interactions: biogenic emissions and environmental ef-
fects of climate change. John Wiley & Sons, Inc., New York.

266. Keller, M., and W. A. Reiners. 1994. Soil atmosphere exchange of nitrous
oxide, nitric oxide, and methane under secondary succession of pasture to
forest in the atlantic lowlands of Costa Rica. Global Biogeochem. Cycles
8:399–409.

267. Kelly, D. P., G. Malin, and A. P. Wood. 1993. Microbial transformations and
biogeochemical cycling of one-carbon substrates containing sulphur, nitro-
gen or halogens, p. 47–63. In J. C. Murrell and D. P. Kelly (ed.), Microbial
growth on C1 compounds. Intercept, Andover, United Kingdom.

268. Kerby, R. L., S. S. Hong, S. A. Ensign, L. J. Coppoc, P. W. Ludden, and
G. P. Roberts. 1992. Genetic and physiological characterization of the
Rhodospirillum rubrum carbon monoxide dehydrogenase system. J. Bacte-
riol. 174:5284–5294.

269. Kesselmeier, J. 1992. Plant physiology and the exchange of trace gases
between vegetation and the atmosphere, p. 949–966. In S. E. Schwartz, and
W. G. N. Slinn (ed.), Precipitation scavenging and atmosphere-surface
exchange, vol. 2. Hemisphere Publishing Corp., Washington, D.C.

270. Khalil, M. A. K., and R. A. Rasmussen. 1990. Atmospheric methane: recent
global trends. Environ. Sci. Technol. 24:549–553.

271. Khalil, M. A. K., and R. A. Rasmussen. 1990. Global increase of atmo-
spheric molecular hydrogen. Nature (London) 347:743–745.

272. Khalil, M. A. K., and R. A. Rasmussen. 1990. The global cycle of carbon
monoxide: trends and mass balance. Chemosphere 20:227–242.

273. Khalil, M. A. K., and R. A. Rasmussen. 1992. The global sources of nitrous

oxide. J. Geophys. Res. 97:14651–14660.
274. Khalil, M. A. K., and M. J. Shearer. 1993. Sources of methane: an overview,

p. 180–198. In M. A. K. Khalil (ed.), Atmospheric methane: sources, sinks,
and role in global change. Spriner, Berlin.

275. Kiene, R. P. 1991. Production and consumption of methane in aquatic
systems, p. 111–146. In J. E. Rogers and W. B. Whitman (ed.), Microbial
production and consumption of greenhouse gases: methane, nitrogen ox-
ides, and halomethanes. American Society for Microbiology, Washington,
D.C.

276. Kightley, D., D. B. Nedwell, and M. Cooper. 1995. Capacity for methane
oxidation in landfill cover soils measured in laboratory-scale soil micro-
cosms. Appl. Environ. Microbiol. 61:592–601.

277. Kimura, M., H. Murakami, and H. Wada. 1991. CO2, H2, and CH4 pro-
duction in rice rhizosphere. Soil Sci. Plant Nutr. 37:55–60.

278. King, D., and D. B. Nedwell. 1984. Changes in the nitrate-reducing com-
munity of an anaerobic saltmarsh sediment in response to seasonal selec-
tion by temperature. J. Gen. Microbiol. 130:2935–2941.

279. King, G. M. 1990. Dynamics and controls of methane oxidation in a Danish
wetland sediment. FEMS Microbiol. Ecol. 74:309–323.

280. King, G. M. 1992. Ecological aspects of methane oxidation, a key determi-
nant of global methane dynamics. Adv. Microb. Ecol. 12:431–468.

281. King, G. M. 1993. Ecophysiological characteristics of obligate methanotro-
phic bacteria and methane oxidation in situ, p. 303–313. In J. C. Murrell and
D. P. Kelly (ed.), Microbial growth on C1 compounds. Intercept, Andover,
United Kingdom.

282. King, G. M. 1994. Associations of methanotrophs with the roots and rhi-
zomes of aquatic vegetation. Appl. Environ. Microbiol. 60:3220–3227.

283. King, G. M., P. Roslev, and H. Skovgaard. 1990. Distribution and rate of
methane oxidation in sediments of the Florida Everglades. Appl. Environ.
Microbiol. 56:2902–2911.

284. King, G. M., and S. Schnell. 1994. Ammonium and nitrite inhibition of
methane oxidation by Methylobacter albus BG8 and Methylosinus trichospo-
rium OB3b at low methane concentrations. Appl. Environ. Microbiol. 60:
3508–3513.

285. Kirk, G. J. D. 1993. Root ventilation, rhizosphere modification, and nutri-
ent uptake by rice, p. 221–232. In F. W. T. P. DeVries et al. (ed.), System
approaches for agricultural development. Kluwer Academic Publishers,
Dordrecht, The Netherlands.

286. Kirk, G. J. D., and J. B. Bajita. 1995. Root-induced iron oxidation, pH
changes and zinc solubilization in the rhizosphere of lowland rice. New
Phytol. 131:129–137.

287. Klemedtsson, L., B. H. Svensson, T. Lindberg, and T. Rosswall. 1977. The
use of acetylene inhibition of nitrous oxide reductase in quantifying deni-
trification in soils. Swed. J. Agric. Res. 7:179–185.

288. Klemedtsson, L., B. H. Svensson, and T. Rosswall. 1988. A method of
selective inhibition to distinguish between nitrification and denitrification as
sources of nitrous oxide in soil. Biol. Fertil. Soils 6:112–119.

289. Klemedtsson, L., B. H. Svensson, and T. Rosswall. 1988. Relationships
between soil moisture content and nitrous oxide production during nitrifi-
cation and denitrification. Biol. Fertil. Soils 6:106–111.
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291. Klüber, H. D., and R. Conrad. 1993. Ferric iron-reducing Shewanella pu-

trefaciens and N2-fixing Bradyrhizobium japonicum with uptake hydrogenase
are unable to oxidize atmospheric H2. FEMS Microbiol. Lett. 111:337–341.

292. Klüber, H. D., S. Lechner, and R. Conrad. 1995. Characterization of pop-
ulations of aerobic hydrogen-oxidizing soil bacteria. FEMSMicrobiol. Ecol.
16:167–175.

293. Kludze, H. K., R. D. DeLaune, and W. H. Patrick. 1993. Aerenchyma
formation and methane and oxygen exchange in rice. Soil Sci. Soc. Am. J.
57:386–391.

294. Koike, I., and A. Hattori. 1975. Energy yield of denitrification: an estimate
from growth yield in continuous cultures of Pseudomonas denitrificans un-
der nitrate-, nitrite- and nitrous oxide-limited conditions. J. Gen. Microbiol.
88:11–19.
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307. Kuhn, M., A. Steinbüchel, and H. G. Schlegel. 1984. Hydrogen evolution by
strictly aerobic hydrogen bacteria under anaerobic conditions. J. Bacteriol.
159:633–639.
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476. Schütz, H., R. Conrad, S. Goodwin, and W. Seiler. 1988. Emission of
hydrogen from deep and shallow freshwater environments. Biogeochemis-
try 5:295–311.
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