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Abstract. The effect of soil microbial processes on production and/or consumption of atmo- 
spheric trace gases was studied in four different soils which were preincubatedin the presence 
of elevated concentrations of CH4, NH: or CO, to simulate the growth of the resident pop- 
ulations of methanotrophic, nitrifying, or carboxydotrophic bacteria, respectively. Oxidation 
of CH4, both at atmospheric (1.8 ppmv) and at elevated (3500 ppmv) CH4 mixing ratios, was 
stimulated after preincubation with CH4, but not with NH? or CO, indicating that CH4 was 
oxidized by methanotrophic, but not by nitrifying or carbox dotrophic bacteria. However, the Y oxidation of CH4 was partially inhibited by addition of NH4 and CO. Analogously, oxidation 
of NH$ was partially inhibited by addition of CHI. Oxidation of CO at elevated mixing ratios 
(2300 ppmv) was stimulated after preincubation with CO, indicating oxidation by carboxy- 
dotrophs, but was also stimulated at a small extent after preincubation with C&, suggesting 
the involvement of methanotrophs. At atmospheric CO mixing ratios (0.13 ppmv), on the 
other hand, oxidation of CO was stimulated after preincubation with MI:, indicating that the 
activity was due to nitrifiers. NO uptake was stimulated in soils pimubated with CH4, indi- 
cating the involvement of methanotrophs. However, production of N20 was only stimulated, 
if CH4 was added as a substrate. The results indicate that especially the methanotrophic and 
nitrifying populations in soil not only oxidize their specific substrates, but are also involved in 
the metabolism of other compounds. 

Introduction 

Microbial processes in soils contribute significantly to the atmospheric bud- 
gets of methane, carbon monoxide, nitrous oxide and nitric oxide (Cicerone 
& Oremland 1988; Seiler & Conrad 1987; Conrad 1988, 1990; Davidson 
1991; Khalil & Rasmussen 1992). All these trace gases play an important 
role in the chemistry of the atmosphere or the Earth's radiation balance. The 
soil microbial processes which are involved in production or consumption 
of these trace gases are not satisfactorily understood. It is also possible that 
the processes producing the different trace gases interact with each other and 
thus affect the fluxes of the trace gases between soil and atmosphere. 

Field experiments indicate that the uptake of atmospheric methane (CH4) 
by soils is inhibited by increased input of nitrogen (Steudler et al. 1989; 
Mosier et al. 1991). This observation may be interpreted as inhibition by 
ammonium (NH:) of either catabolic CH4 oxidation by methanotrophic bac- 



teria (Whittenbury et al. 1970; Carlsen et al. 1991), or CH4 co-oxidation 
(oxidation without support of growth) by the autochthonous ammonium- 
oxidizing nitrifiers (Jones & Morita 1983a; Hyman & Wood 1983). Both 
explanations are possible since the key enzymes of CH4 and NH: oxidation 
share features which allow, to some extent, oxidation of the other substrate as 
well (Bedard & Knowles 1989). Both the methane monooxygenase (Anthony 
1986) and the ammonium monooxygenase (Wood 1988) catalyze a reaction 
of the following type: 

where X = CI&, NH: or CO. In general, the reaction rate of the methane 
monooxygenase with NH; and of the ammonium monooxygenase with CH4 
is about 3 orders of magnitude lower than with the preferred substrate (Bedard 
& Knowles 1989). In addition, both enzymes also share the same inhibitors. 
Both methanowophs and nitrifiers are also able to co-oxidize CO (without 
supporting growth), probably due to the relatively low specificity of the two 
monooxygenase reactions (Bedard & Knowles 1989). 

In general, it is not uncommon that more than one specific group of soil 
microorganism is involved in the metabolism of one particular trace gas, e.g. 
by fortuitous metabolism (i.e., metabolism not supporting growth). Thus, CO 
oxidation may not only be achieved by the carboxydotrophic bacteria (Meyer 
et al. 1993; MiSrsdorf et al. 1992), but also by methanotrophic (Ferenci et al. 
1975), nitrifying (Jones & Morita 1983b) and unknown oligotrophic bacteria 
(Conrad & Seiler 1982). Methanotrophic bacteria may not only oxidize CI&, 
but may also produce N20 (Yoshinari 1985; Knowles & Topp 1988) and 
consume NO (Kriimer et al. 1990). Furthermore, methanotrophs may oxidize 
N H ~  (Hutton & ZoBell 1953; Dalton 1977) and thus, may be involved in 
heterotrophic nitrification in soil (Knowles & Topp 1988; Megraw & Knowles 
1989a,b). However, very little is known about how methanotrophic, nitrifying 
and carboxydotrophic bacteria interact during metabolism of CH4, N H ~ ,  CO, 
N20 and NO in soil. 

In this study, we measured the consumption of CH4, N H ~ ,  CO, and NO, 
the production of N20 and NO, and the inhibitory effects of either CH4, N H ~  
or CO, and determined the population size of methanotrophic, nitrifying, and 
carboxydotrophic bacteria in different soils. In order to stimulate the growth 
of the resident populations of methanotrophic, nitrifying, or carboxydotrophic 
bacteria, the soils were also preincubated under elevated concentrations of 
CH4, NH: or CO, respectively. 



Table 1. Soil characteristics from 10 cm of mineral soil (Bender & Conrad 1992). 

Soil Cultivated Meadow Forest Paddy 
loamy clay sandy silty sandy clay sandy clay 

loam loam loam 

pH(Hz0) 8.0 7.5 4.6 6.8 
Org. matter (%) 4.2 8.0 5.7 3.9 
WHCa (%) 57.0 75.0 66.0 56.0 
Total N (%) 0.16 0.42 0.1 0.19 
C/N 15.0 11.0 33.0 12.0 
NH: (pg-N g-' d.w.) 1.8 12.1 10.7 1 .O 

WHC = water holding capacity (g Hz01100 g d.w. soil) 

Materials and methods 

Soil collection 

Soil samples were taken from theAh horizons (10 cm deep) of 4 different sites: 
cultivated cambisol (CC), meadow cambisol (MC), and forest luvisol (FL) 
were sampled near Konstanz (Germany), and rice paddy soil (PS) was sam- 
pled in Vercelli (Italy). Both the cultivated cambisol and paddy soil received 
regular additions of nitrogen fertilizers. The meadow and forest soils, on the 
other hand, were not managed. Collection, storage, processing and analysis 
of the soils have been described in detail by Bender & Conrad (1992). The 
main soil characteristics are summarized in Table 1. 

Pretreatments 

The experimental protocol is schematically shown in Fig. 1. Sieved (< 2 mm 
mesh) soil was sprayed with water solution and mixed to reach an average 
moisture content of 0.32 g H20 g-l d.w. The moist soils (a sample of about 
500 g of each soil) were placed in polypropylene breakers and incubated at 
25 OC in closed vessels under an atmosphere saturated with water vapour to 
prevent desiccation of the soils. The soils were conditioned for 9 weeks by 
incubation under 4 different conditions: (1) the untreated control (air-control) 
was incubated under 20% 0 2  and 80% N2; (2) the soil treated with W C l  
(1.25 mg N g-l dw) was incubated under 20% and 80% N2; (3) the soil 
treated with elevated CH4 concentrations was incubated under 20% C&, 
20% 0 2  and 60% N2; (4) the soil treated with elevated CO concentrations 
was incubated under 20% COY 20% 0 2  and 60% N2. The gas phase was 
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Fig. I. Scheme of the experimental protocol. 

refreshed every second day. At the beginning and the end of the incubation, 
soil moisture, pH, and the concentration of MI$ were determined. All the 
variables stayed fairly constant during the incubation, except for MI$ which 
decreased in the MI$-pretreated soil to the background levels shown Table 
1. Only in the acidic forest soil (FL) was the residual NH$ still about half 
(600 p g N g-I d.w.) of the amount added. 

I, 
Assays of microbial populations and activities 

The numbers of methanotrophic, ammonium-oxidizing nitrifying and 
carboxydotrophic bacteria in the differently pretreated soils were determined 
by the most probable number (MPN) technique using ELISA microtiter 
plates (Rowe et al. 1977). All the assays were done at 25 OC in the dark. 
Methanotrophic bacteria were counted as described by Bender & Conrad 
(1992). The microtiter plates were incubated under 20% CH4 in air for 3 
weeks and then tested for bacterial growth against a control under CH4-free 
air. Ammonium-oxidizing bacteria were counted in the mineral medium 
described by Baumgmer & Conrad (1992). The microtiter plates were 
incubated under air containing 1% C02 for 5 weeks and theri tested for 
accumulation of NO, and NO, (Morgan 1930). Carboxydotrophic bacteria 
were counted in the mineral medium described by Schlegel et al. (1961). The 
microtiter plates were incubated under 20% CO in air for 6 weeks and then 



tested for growth against a control under CO-free air. The MPN numbers with 
their standard errors (SE) were determined from the index tables (Rowe et al. 
1977). 

Rates of CH4 oxidation were determined as described by Bender & Conrad 
(1992) using stoppered serum bottles (150 ml) which contained 10 g moist 
soil under air with either 2 ppmv or 3500 ppmv C&. The effect of CO (350 
and 3500 ppmv) on C& oxidation was tested in a short-term treatment, i.e. 
by addition of CO to a soil suspension (10 g moist soil plus 10 ml H20) 
incubated on a shaker, and immediately measuring the rate of C& oxidation 
at an initial C& mixing ratio of 350 ppmv. The effect of N H ~  (10 mM) on 
CH4 oxidation was tested similarly at an initial C& mixing ratio of 1400 
PPm". 

Rates of CO oxidation were determined analogously to CH4 oxidation 
rates using initial CO mixing ratios of either 0.13 or 2300 ppmv CO. The 
effect of C& (3500 ppmv) and N H ~  (150 pM) on CO oxidation was tested 
in a short-term treatment, i.e. by addition of either C& or N H ~  to a soil 
suspension (10 g moist soil plus 10 ml H20) incubated on a shaker, and 
immediately measuring the rate of CO oxidation at an initial CO mixing 
ratio of 10 ppmv. CO was analyzed in a gas chromatograph with a HgO- 
Hg-conversion detector (RGD2, Trace Analytical, Techmation, Diisseldorf, 
Germany) using a stainless steel column (1.4 m length, 114 inch diameter) 
filled with molecular sieve 5A (80-100 mesh). The detector temperature was 
280 OC. 

Potential rates of NH: oxidation were determined according to Berg & 
Rosswall (1985) as described by Saad & Conrad (1993). The effect of CH4 
(10%) on NH; oxidation was tested in a short-term treatment, i.e. by addition 
of CH4 to a soil suspension (5 g moist soil plus 25 ml H20) incubated on a 
shaker, and immediately measuring the rate of NH: oxidation. 

N20 production was measured analogously to CH4 oxidation as described 
by Schuster & Conrad (1992). The effect of CH4 on N20 production was 
tested in a short-term treatment, i.e. by addition of 100 ppmv CH4. N20 was 
analyzed by gas chromatography with an electron capture detector (Conrad 
& Seiler 1980). 

Rates of NO production and NO uptake rate constants were measured as 
described by Remde et al. (1989) using 70 g moist soil gassed with synthetic 
air (80% N2, 20% 02) at a flow rate of 968 ml min-' containing NO at mixing 
ratios between 0.2 and 1.6 ppmv. NO was analyzed in a Thermo Electron NO, 
analyzer as described by Remde et al. (1989). 

All consumption and production assays were done on duplicate subsam- 
ples from each pretreated soil. The data points from the time-linear range 



of the duplicate experiments were pooled (n = 6-8) and analyzed by linear 
regression to determine the rate of production or consumption. 

Statistical analysis 

The statistical analyses of the effects of the different pretreatments on the 
results of the MPN and the production/consumption assays utilized the four 
different soils as replicates. The effect of each pretreatment was compared 
with the control (air-soil) and among each other using the Lord (Lord 1947) 
and Dixon test (Dixon 1953), respectively. The Lord test is especially suitable 
for a small number of replicates using the range instead of the standard 
deviation of the mean. The Dixon test is used for detecting outliers among a 
set of mean values. 

Results 

We used four (sometimes three) different soils (cultivated, meadow, forest, 
paddy) preincubated under conditions which resulted in increased popula- 
tions of either methanotrophic, nitrifying or carboxydotrophic bacteria (i.e. 
incubated with CH4, N H ~  or CO, respectively). These preincubated soils 
were then studied with respect to different soil metabolic capacities and com- 
pared to the corresponding control in which the microbial populations were 
not specifically enriched (i.e. pretreated under synthetic air). The individual 
soil values are presented in Figs. 2-5 to provide information about vari- 
ability among soils. The effects of the different pretreatments on microbial 
numbers and activities are summarized in Table 2, giving the means and the 
ranges of the values obtained with the four (sometimes three) different soils 
as replicates. 

Methane oxidation 

In all soils studied, the methanotrophic population density increased dramat- 
ically when the soils were preincubated under high (20%) CH4 (Fig. 2A). 
Preincubation in the presence of NH:, on the other hand, had no effect 
on the methanotrophic population size compared to the control (Table 2). 
Interestingly, preincubation in the presence of high (20%) CO also increased 
(although not significantly, Table 2) the methanotrophic population densities 
to some extent (Fig. 2A). However, the increased MPN counts in the CO-soils 
did not affect the C% oxidation (Fig. 2B,C). 

Only in the CH4-pretreated soils were the increased methanotrophic popu- 
lations paralleled by increased rates of C b  oxidation (Table 2). The increased 
CH4 oxidation rates were obvious at both atmospheric (Fig. 2B) and elevated 
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soil treatment soil treatment soil treatment 

Fig. 2. Effect of preincubation conditions (see Fig. 1) on (A) numbers of methanotrophic 
bacteria, (B) rates of CH4 oxidation at atmospheric (1.8 ppmv) CH4 mixing ratios, and (C) rates 
of CH4 oxidation at elevated (3500 ppmv) CH4 mixing ratios in different soils, i.e. cultivated 
cambisol (CC), meadow cambisol (MC), forest luvisol (FL), and paddy soil (PS). 

CH4 (Fig. 2C) mixing ratios. Addition of NH$ resulted in an instantaneous 
inhibition of CH. oxidation reducing the rates by more than 60% except in 
the ~H$-~retreated soils (Table 3). Addition of CO also resulted in an instan- 
taneous inhibition of CH4 oxidation (Table 3). The inhibitory effect increased 
with increasing CO mixing ratio and was completely reversible by removal 
of CO. 

Ammonium oxiakztion 

The nitrifying population density was highest in the NHZ-pretreated soils 
and was lowest in the air-controls (Fig. 3A). In some of the CH4- and CO- 
pretreated soils the nitrifier population densities were slightly increased. The 
paddy soil (PS) was an exception, since the air-control also exhibited relatively 
high nitrifier population densities. However, only the NHi-pretreated soils 
showed aconsistently increased nitrifier population (Table 2). 'The NH: (1250 
pg N g-l dw) which had initially been added to the NHt-pretreated soils was 
depleted to background concentrations of 0.6-2.1 pg N g-' dw during the 9 
week incubation period except in the acidic forest soil (FL), which showed a 
final concentration of 600 pg N g-l dw. 

Differences in nitrifier population density had little effect on the potential 
rates of ammonium oxidation (Table 2), although there seemed to be a slight 
tendency to maximum rates in some of the NH$-pretreated soils (Fig. 3B,C). 



Table 3. Inhibitory effects of CH4, NH: andCO addition in shoa-term treatments on microbial 
activities in differently preincubated soils. 

Preincubation with 
air CH4 NH: CO 

Inhibition of CH4 oxidation [%I 
by NH: (10 mM) f 64.3(33) 90.7(15) 21 .3(39)a 63.3(20) 
by CO (350 ppmv) $ 42.7(40) 
by CO (3,500 ppmv) $ 95.3(3) 

Inhibition of 
potential NH$ oxidation [%I 
by CH4 (10%) 71.3(67) 9.0(24)a 76.3(49) 45.3(98) 

Inhibition of CO oxidation [%] 
by CH4 (3,700 ppmv) # 8 1 .0(491b 15.3(55) 35.7(31) 36.7(55) 
by NH: (0.15 mM) # -13.3(38)a 21.3(31) 16.7(50) 

Inhibition of N2O 
accumulation [%I 
by CH4 (100 ppmv) 10.5(8)* - 113(134)=* 8.0(139)* 

Values are means of n = 3 different soils; (*) n = 4. The values in parenthesis give the range 
(maximum-minimum). 
All data are expressed as percent of response in samples with inhibitor compared to samples 
without inhibitor in short-term treatments. 
Negative values indicate stimulation instead of inhibition. 
§) measured at 1,400 ppmv CH4; " measured at 350 ppmv CH4; #) measured at 10 ppmv CO. 
a) Values were significantly lower (Lord test) than the other values in the row at P < 0.05 (a) 
and P c 0.01 (aa). 
b, Value is significantly higher (Lord test) than the other values in the row (P < 0.05). 
') Value is significantly different pixon test) from the other values in the row (P c 0.01). 

The ammonium oxidation rates were inhibited as soon as the soils were 
exposed to increased C& mixing ratios, except with the C&-pretreated soils 
(Table 3). 

Carbon monoxide oxidation 

The population density of carboxydotrophs was highest in the CO-pretreated 
soils (Fig. 4A; Table 2). The other soil conditions showed densities which 
were at least one order of magnitude lower. 

The CO-pretreated soils also showed the highest rates of CO oxidation, 
especially when measured at high (2300 ppmv) CO mixing ratios (Fig. 4C). 



soil treatment soil treatment soil treatment 

Fig. 3. Effect of preincubation conditions (see Fig. 1) on (A) numbers of NH:-oxidizing 
bacteria, and (B,C) rates of potential NH: oxidation (using two different scales; B and C), in 
different soils (CC, MC, FL, PS). 

soil treatment soil treatment soil treatment 

Fig. 4. Effect of preincubation conditions (see Fig. 1) on (A) numbers of carboxydotrophic 
bacteria, (£3) rates of CO oxidation at atmospheric (0.13 ppmv) CO mixing ratios, and (C) rates 
of CO oxidation at elevated (2300 ppmv) CO mixing ratios in different soils (CC, MC, FL, 
PS). 

The CH4-pretreated soils also showed slightly elevated rates of CO oxidation 
at high CO mixing ratios (Fig. 4C; Table 2). At atmospheric CO mixing ratios 
(0.13 ppmv), on the other hand, the NH$-pretreated soils showed by far the 
highest rates of CO oxidation (Fig. 4B). Although this effect was restricted 



soil tres.tmsnl 

Fig. 5. Effect of preincubation conditions (see Fig. 1) on (A) NO uptake rate constants, and 
(B) maximum NO production rates, and (C) N20 accumulation in different soils (CC, MC, 
FL, PS). 

to the cultivated (CC) and meadow (MC) soils, and was not obvious in the 
FL and PS soils, the soils on the average, showed a more significant increase 
in oxidation of atmospheric CO after pretreatment with NH: than with CO 
(Table 2). 

The CO oxidation activity was slightly inhibited by addition of CHJ, but 
the inhibition was only statistically significant in the air-controls (Table 3). 
The CO oxidation activity was also slightly inhibited by NH:, but this inhibi- 
tion was not significant (Table 3). In the air-controls, however, CO oxidation 
was stimulated by addition of NH:, and this stimulation was significant 
(Table 3). 

Metabolism of nitrogen oxides 

Uptake of NO was observed in all soils, regardless of preincubation 
conditions. The highest uptake rate constants were generally found in the 
CHd-preincubated soils (Fig. SA, Table 2). Depending on the soil type, how- 
ever, NO uptake could also be relatively high in other treatments, e.g. in the 
NH: - and CO-pretreated soils of the CC, or in the NH: -pretreated soil of the 
FL. (Fig. 5A, Table 2). 

NO production showed a different behaviour than NO uptake (Fig. 5B). 
The CC and MC showed highest rates in the CO-pretreated soils followed by 
the CH4-pretreated soils. The FL, on the other hand, showed highest rates in 
the NT-It-pretreated soil, followed by the C&-pretreated soil. On average, 



however, the different soil pretreatments had no significant effect on NO 
production (Table 2). 

N20 production rates were significantly stimulated in the NH: -pretreated 
soils (Table 2). However, in the acidic FL, N20 production rates were not 
affected by any of the soil treatments (Fig. 5C). Production of N20 was not 
instantaneously inhibited by increased C& mixing ratios in the production 
experiments (Table 3). Quite in contrast, CH4 stimulated N20 production in 
the CH4-pretreated soils significantly. 

Discussion 

Our results showed that increasing the population density of either methan- 
otrophs, nitrifiers or carboxydotrophs not only stimulated the oxidation of 
CI&, NH: or CO, respectively, but had more complex effects. Complex 
effects were not unexpected because of the capacity of these bacteria to fortu- 
itously oxidize other compounds in addition to their natural substrate (see 
Introduction). We will discuss our results, therefore, in light of some of the 
more interesting interactions. 

Methane oxidation and response to ammonium additions 

Previous field studies have shown that inputs of nitrogen fertilizer apparently 
inhibits the uptake of atmospheric CH4 by soil (Steudler et al. 1989; Mosier 
et al. 1991). Our experiments also revealed strong instantaneous inhibition 
of C& oxidation with NH: additions (Table 3), but suggest that nitrogen- 
induced inhibition of CH4 oxidation does not involve activities of the nitrifier 
population. Soils with high nitrifier populations due to the NH: pretreatment 
did not have elevated rates of C& oxidation at either ambient or elevated 
CH4 mixing ratios (Fig. 2). Given that the NH: added in the pretreatment was 
completely depleted at the end of the pretreatment incubation (except in the 
forest soil), the nitrifiers were most likely not saturated with NH: and thus 
should have been able to oxidize (2%; we did not see such an effect. Likewise, 
in the NH$ -pretreated soils, further addition of NH: resulted in less (rather 
than more) inhibition of CH4 oxidation as compared to the other pretreatments 
(Table 3). This suggests that nitrifier activity and nitrifier response to added 
NH$ does not directly affect CH4 oxidation. Our results rather indicate that 
the added NH: inhibits the soil methanotrophs. Similar conclusions were 
drawn in a recent review by King (1992). 

The reason for the reduced inhibition in the NH: -pretreated soils receiving 
additional N H ~  is not clear. It is probable that the methanotrophic populations 
had adapted to high NH$ concentrations as a result of the pretreatment 
and thus were less affected by the short-term NH~$ additions than were the 



populations subject to the other pretreatments. Alternatively, the high nitrifier 
population in the @-pretreated soils may have rapidly consumed NH$, 
thus removing the CH4 oxidizers' inhibitory substrate. 

Nitrification and response to CH4 additions 

Just as methane oxidation was apparently inhibited by ammonium additions, 
the N H ~  oxidation was also inhibited by CH4. Inhibition of NH: oxidation 
by CH4 has been reported for pure cultures of ammonium oxidizers (Hyman 
& Wood 1993; Ward 1987, 1990) and for soils (McCarty & Bremner 1991). 
Megraw & Knowles (1987) suggested that inhibition of NH$ oxidation by 
C& results when methanotrophs outcompete nitrifiers for available O2 under 
high C& mixing ratios. In our experiments, however, increased methan- 
otrophic populations diminished rather than intensified the inhibition of NH: 
oxidation by CH4, in analogy to the effects observed on CH4 oxidation by 
N H ~  in NH$-pretreated soils. 

The increased methanotrophic populations also correlated with increased 
NO uptake in soils (Table 2). This observation agrees with earlier results 
(Krhe r  et al. 1990). It is likely that methanotrophs (Yoshinari 1985; Knowles 
& Topp 1988) or methanotrophic consortia (Megraw & Knowles 1989a,b) 
acted as heterotrophic nitrifiers and thus affected the turnover of NO. The soils 
with increased population densities of methanotrophs also showed a potential 
for increased rates of N20 production (Table 3), provided that sufficient CH4 
was added as a substrate. 

CO oxidation 

Our results showed only a slight stimulation of CO oxidation at atmospheric 
CO mixing ratios in soils with elevated populations of carboxydotrophs (Table 
2). Although carboxydotrophic bacteria may be involved in oxidation of 
atmospheric CO in soils (Conrad & Seiler 1982; Mtirsdorf et al. 1992), they 
seem to be better adapted to the oxidation of elevated concentrations of CO 
(Fig. 4). Methanotrophic bacteria possibly also contribute to the oxidation of 
CH4 at elevated CO mixing ratios (Table 2). 

At atmospheric CO concentrations, however, soils with increased popula- 
tions of carboxydotrophs exhibited only a slight stimulation of CO oxidation 
(Table 2). Instead, our results showed a higher and more significant stim- 
ulation of CO oxidation in soils with elevated nitrifier populations (Fig. 4). 
Nitrosomonas species were reported to oxidize CO efficiently (Jones & Morita 
1983b; Jones & Morita 1984). Since the CO uptake by soils shows kinetic 
parameters (K, values) which are closer to those observed in Nitrosomonas 



than in carboxydotrophic bacteria, it is likely that the nitrifiers are the actual 
oxidizers of atmospheric CO in soils (Conrad 1988). 

The soils with an increased population of carboxydotrophs showed neither 
increased rates of CI& oxidation nor increased rates of N H ~  oxidation. In 
fact, any fortuitous oxidative capacity of carboxydotrophs is questionable, 
since the first enzyme in the degradation of CO by the carboxydotrophs is not 
a monooxygenase, but a dehydrogenase (Meyer 1985): 

The CO dehydrogenase of carboxydotrophs has a completely different reac- 
tion mechanism and thus, one should a priori not expect any similarity in its 
behaviour to the methane or ammonium monooxygenases. 

Conclusion 

Our results are based on the microbial reactions in soil which had been 
treated with substrates to stimulate the growth of the resident populations 
of methanotrophic, nitrifying, or carboxydotrophic bacteria. The assumption 
implicit in this study is that the populations which grew following addition of 
exogenous substrate were identical to those active in the untreated soil. This 
assumption is not necessarily true, since addition of high levels of a growth 
substrate may favour the growth of only a part of the original population. 
Thus, our conclusions must be considered with this potential artifact in mind. 
Our results indicate that methanotrophs were responsible for the oxidation 
of CI& in soils both at high and at atmospheric CH4 mixing ratios. Nitri- 
fiers apparently did not contribute to CH4 oxidation in soils, but contributed 
significantly to oxidation of atmospheric CO. Methanotrophs, on the other 
hand, were at least partially involved in heterotrophic nitrification as seen by 
their potential contribution to N20 production and turnover of NO, and were 
involved in the oxidation of CO at high mixing ratios. Together, our results 
suggest that production and/or consumption of a number of atmospheric trace 
gases involve a number of microbial processes, singly and in interaction with 
each other. 

Acknowledgements 

We thank Dr. P. Matson for helpful discussion and Dr. P. Janssen for critically 
reading the manuscript. The work was financially supported by the Fonds der 
Chemischen Industrie. 



References 

Anthony C (1986) Bacterial oxidation of methane and methanol. Adv. Microb. Physiol. 27: 
113-210 

Baumgiirtner M & Conrad R (1992) Effects of soil variables and season on the production and 
consum~tion of nitric oxide in oxic soils. Biol. Fertil. Soils 14: 166-174 

Bedard C &i<nowles R (1989)Physiology, biochemistry, and specific inhibitors of CH4, NH$, 
and CO oxidation by methanotrophs and nitxifiers. Microbiol. Rev. 53: 68-84 

Bender M & Conrad R (1992) ~ i n e t i c s  of CH4 oxidation in oxic soils exposed to ambient air 
or high CH4 mixing ratios. E M S  Microbiol. Ecol. 101: 261-270 

Berg P & Rosswall T (1985) Ammonium oxidizer numbers, potential and actual oxidation 
rates in two Swedish arable soils. Biol. Fertil. Soils 1 : 13 1-140 

Carlsen HN, Joergensen L & Degn H (1991) Inhibition by ammonia of methane utilization in 
Methylococcw capsulatus (Bath). Appl. Microbiol. Biotechnol. 35: 124-127 

Cicerone RJ & Oremland RS (1988) Biogeochemical aspects of atmospheric methane. Global 
Biogeochem. Cycles 2: 299-327 

Conrad R (1988) Biogeochemistry and ecophysiology of atmospheric CO and Hz. Adv. Microb. 
Ecol. 10: 231-283 

Conrad R (1990) Flux of NO, between soil and atmosphere: Importance and soil microbial 
metabolism. In: Revsbech NP & Soerensen J (Eds) Denitrification in Soil and Sediment 
(pp 105-1 28). Plenum, New York 

Conrad R & Seiler W (1980) Field measurements of the loss of fertilizer nitrogen into the 
atmosphere as nitrous oxide. Atmos. Environ. 14: 555-558 

Conrad R & Seiler W (1982) Utilization of traces of carbon monoxide by aerobic oligotrophic 
microorganisms in ocean, lake and soil. Arch. Microbiol. 132: 41-46 

Dalton H (1977) Ammonia oxidation by the methane oxidising bacterium Methylococcus 
capsulatus strain Bath. Arch. Microbiol. 114: 273-279 

Davidson EA (1991) Fluxes of nitrous oxide and nitric oxide from terrestrial ecosystems. In: 
Rogers JE & Whitman WB (Eds) Microbial Production and Consumption of Greenhouse 
Gases: Methane, Nitrogen Oxides, and Halomethanes (pp 219-235). American Society 
for Microbiology, Washington DC 

Dixon WJ (1953) Processing data for outliers. Biometries 9: 74-89 
Ferenci T, Stroem T & Quayle JR (1975) Oxidation of carbon monoxide and methane by 
- Pseudomonas methanica. J. Gen. Microbiol. 91 : 79-91 
Hutton WE & ZoBell CE (1953) Production of nitrite from ammonia by methane-oxidizing 

bacteria. J. Bacterial. 65: 216-219 
Hyman MR & Wood PM (1983) Methane oxidation by Nitrosomonas europaea. Biochem. J. 

212: 31-37 
Jones RD & Morita RY (1983a) Methane oxidation by Nitrosococcus oceanus and Nitro- 

somonas europaea. Appl. Environ. Microbiol. 45: 401-410 
Jones RD & Morita RY (1983b) Carbon monoxide oxidation by chemolithotrophic ammonium 

oxidizers. Can. J. Microbiol. 29: 1545-1 55 1 
Jones RD & Morita RY (1984) Effect of several nitrification inhibitors on carbon monoxide 

and methane oxidation by ammonium oxidizers. Can. J. Microbiol. 30: 1276-1279 
Khalil MAK & Rasmussen RA (1992) The global sources of nitrous oxide. J. Geophys. Res. 

97: 14651-14660 
King GM (1992) Ecological aspectsof methane oxidation, a key determinant of global methane 

dynamics. Adv. Microb. Ecol. 12: 431-468 
Knowles R & Topp E (1988) Some factors affecting nitrification and the production of 

nitrous oxide by the methanotrophic bacterium Methylosinus trichosporium OB3b. In: 
Giovannozzi-Sermanni G & Nannipieri P (Eds) Current Perspectives in Environmental 
Biogeochemistry (pp 383-393). C.N.R.4.P.R.A.. Roma 

Kramer M, Baumgartner M, Bender M & Conrad R (1990) Consumption of NO by methan- 
otrophic bacteria in pure culture and in soil. E M S  Microbiol. Ecol. 73: 345-350 



Lord E (1947) The use of range in place of standard deviation in the t-test, Biometrica 34: 
41-67 

McCarty GW & Bremner JM (1991) Inhibition of nitrification in soil by gaseoushydrocarbons. 
Biol. Fertil. Soils 11: 231-233 

Megraw SR & Knowles R (1987) Active methanotrophs suppress nitrification in a humisol. 
Biol. Fertil. Soils 4: 205-212 

Megraw SR & Knowles R (1989a) Methanedependent nitrate production by a microbial 
consortium enriched from a cultivated humisol. FEMS Microbiol. Ecol. 62: 359-366 

Megraw SR & Knowles R (1989b) Isolation, characterization, and nitrification potential of 
a methylotroph and two heterotrophic bacteria from a consortium showing methane- 
dependent nitrification. FEMS Microbiol. Ecol. 62: 367-374 

Meyer 0 (1985) Metabolism of aerobic carbon monoxide-utilizing bacteria. In: Poole RK & 
Dow CS (Eds) Microbial Gas Metabolism. Mechanistic, Metabolic and Biotechnological 
Aspects (pp 131-151). Academic Press, London 

Meyer 0 ,  Frunzke K & Mtirsdorf G (1993) Biochemistry of the aerobic utilization of carbon 
monoxide. In: Murrell JC & Kelly DP (Eds) Microbial Growth on C1 Compounds (pp 433- 
459). Intercept, Andover 

Morgan MF (1930) A simple spot-plate test for nitrate nitrogen in soil and other extracts. 
Science 71 : 343-344 

Mtirsdorf G, Frunzke K, Gadkari D & Meyer 0 (1992) Microbial growth on carbon monoxide. 
Biodeg. 3: 61-82 

Mosier A, Schimel D, Valentine D, Bronson K & Parton W (1991) Methane and nitrous oxide 
fluxes in native, fertilized and cultivated grasslands. Nature 350: 330-332 

Remde A, Slemr F & Conrad R (1989) Microbial production and uptake of nitric oxide in soil. 
FEMS Microbiol. Ecol. 62: 221-230 

Rowe R, Todd R & Waide J (1977) Microtechnique for most-probable-number analysis. Appl. 
Environ. Microbiol. 33: 675-680 

Saad OALO & Conrad R (1993) Temperature dependenceof nitrification, denitrification, and 
turnover of nitric oxide in different soils. Biol. Fertil. Soils 15: 21-27 

Schlegel HG, Kaltwasser H & Gottschak G (1961) Ein Submersverfahren zur Kultur 
wasserstoffoxidierender Bakterien: Wachstums-physiologische Untersuchungen. Arch. 
Mikrobiol. 38: 209-222 

Schuster M & Conrad R (1992) Metabolism of nitric oxide and nitrous oxide during nitrification 
and denitrification in soil at differenhcubation conditions. FEMS Microbiol. Ecol. 101: 
133-143 

Seiler W & Conrad R (1987) Contribution of tropical ecosystems to the global budgets of trace 
gases, especially CH4, Hz CO and N20. In: Dickinson RE (Ed) The Geophysiology of 
Amazonia (pp 133-162). Wiley, New York 

Steudler PA, Bowden RD, Melillo JM & Aber JD (1989) Influence of nitrogen fertilization on 
methane uptake in temperate forest soils. Nature 341: 314-316 

Ward BB (1987) Kinetic studies on ammonia andmethane oxidation by Nitrosococcus oceanus. 
Arch. Microbiol. 147: 126-133 

Ward BB (1990) Kinetics of ammonia oxidation by a marine nitrifying bacterium: methane as 
a substrate analogue. Microb. Ecol. 19: 21 1-225 

Whittenbury R, Phillips KC & Wilkinson JF (1970) Enrichment, isolation and some properties 
of methane-utilizing bacteria. J. Gen. Microbiol. 61: 205-218 

Wood PM (1988) Mechanisms for biological ammonia oxidation. In: Cole JA & Ferguson 
S (Eds) The Nitrogen and Sulphur Cycles @p 219-243). Cambridge Uqiversity Press, 
Cambridge 

Yoshinari T (1985) Nitrite and nitrous oxide production by Methylosinus trichosporium. Can. 
J. Microbiol. 3 1: 139-144 


