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Methane production and consumption in a cultivated humisol 
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Summary. Labora tory  studies were conducted  on  a 
cult ivated humiso l  con ta in ing  popula t ions  of  bo th  
me thano t rophs  and  methanogens .  The molar  ratio 

CO 2 p roduced :  0 2 consumed :  C H  4 consumed  was 
0.27: 1.0: 1.0. Methane  oxidat ion showed typical  
Michael i s -Menten  kinetics with apparen t  K m values 

for C H  4 and  02 of  66.2 ~tM and  37.0 ~tM, respective- 
ly. The low CO2 yields and  the effects o f  low dissolv- 
ed oxygen indicated the presence of  aerobic obligate 
methanot rophs .  It  is suggested that  the me thano-  
t rophs in  this soil are no t  entirely dependent  on  at- 
mospher ic  C H  4 for growth and  survival in situ. 

Key words: Methane  metabol i sm - Methano t rophs  
- Kinetics of  me thane  uptake - Humiso l  

Methylot rophic  bacter ia  use reduced ca rbon  com- 
pounds  con ta in ing  no ca rbon-ca rbon  bonds  as sole 
sources of  energy and  ca rbon  (An thony  1982). This 
group is fur ther  divided on  the basis of  their abil i ty to 
use me thane  in  addi t ion  to methanol ,  dimethylether,  
methylated formate  and  carbonate  (obligate me thano-  
trophs) or complex ca rbon  compounds  (facultative 
me thano t rophs )  for growth (Whi t t enbury  et al. 
1975a, b; Haber  et al. 1983). 

Methano t rophs  are recognized as an impor t an t  
c o m p o n e n t  of  the ca rbon  cycle by regulat ing biogenic 
emissions of  me thane  to the a tmosphere  (Romanov-  
skaya et al. 1977; Higgins et al. 1981). Most  quan-  
titative studies on  me thane  oxidat ion in the environ- 
ment ,  however, have been restricted to aquat ic  systems 
(Rudd and  Taylor 1979; H a n s o n  1980). Few reports are 
available for soil systems (e.g. Adamse  et al. 1972) 
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a l though methane  oxidat ion by soil bacteria  was 
established as early as 1906 (Zobell 1946). Forest and  
agricul tural  soils are of  par t icular  interest since the 
presence of  methane  oxidizers could signify depend-  
ence on  a tmospher ic  sources of  methane  for growth. 
Some studies have shown, for example, that  swamp 
soils under  drought  condi t ions  and  certain tropical 
and  temperate forest soils are signif icant  sinks of  at- 
mospher ic  methane  (Harriss et al. 1982; Keller et al. 
1983). 

We report  here labora tory  studies of me thane  pro- 
duc t ion  and  the activity and  kinetics of  methane  ox- 
idizers in  a cultivated humisol  (organic muck soil). 

Materials and methods 
Soil The soil used in this study was a cultivated humisol collected 
at the experimental farm of Macdonald College of McGill Universi- 
ty, Ste. Anne de Bellevue, Quebec. Air-dried surface (0-10 cm) soil 
was sieved through a 2-ram mesh and stored at 4°C. The soil had 
a pH of 6.8, moisture content of 69.0% (w/w) and bulk density of 
0.3 g crn -3. The organic content, measured as weight loss on igni- 
tion (550 °C) of oven-dried samples, was 43.7% (w/w). The soil con- 
tained 12 gg NH~ -N  g-J and 79 gg NO~- - N  g-1 when extracted 
with 2 N KC1. No detectable NO 2 was present. 

Assay conditions. Five-gram portions of air-dried (3.36g oven- 
dried) soil were added to 50-ml Erlenmeyer flasks. Deionized water 
(10 ml) was added to each flask and the slurry buffered with 2°70 
(w/v) calcium carbonate. The flasks were sealed with serum stoppers 
(Suba-Seal, UK). If subsequent aqueous additions of nitrogen com- 
pounds were to be made, the initial volume of deionized water was 
reduced accordingly. The flasks were incubated on a gyratory shaker 
(200-250 rev rain -~) at 30°C. Where desired, the initial gas phase 
concentration of CH 4 and CzH 2 was established by syringe injec- 
tion after removing an equivalent volume of the gas phase. During 
preincubation with methane the gas phase concentrations of CH 4 
and 02 were re-established every 2 days by evacuation and refilling 
with air and injection of methane. If the oxygen concentration was 
to be adjusted, pure 02 was added by syringe injection. Moisture 
loss was compensated by the addition of an equivalent weight of 
deionized water. 

The data presented are the means of duplicate flasks. 



Analyses. At desired intervals, 0.5 ml of the gas phase was removed 
using a l-ml disposable glass syringe equipped with a Mininert valve 
(Precision Sampling Corp., Baton Rouge, LA.). The samples were 
analysed for O 2 and CH 4 by a single injection into a split column 
gas chromatograph equipped with a 174 cmx 3.3 mm OD column of 
molecular sieve 5A connected to a thermal conductivity detector 
and a 200cmx3.3 mm OD column of Porapak N connected to a 
flame ionization detector. Analysis of CO z was as described by 
Brouzes et al. (1971). The data were corrected for gases dissolved in 
the aqueous phase (Wilhelm et al. 1977) and for leakage as deter- 
mined by flasks containing the appropriate initial volume of gas(es) 
but without the soil. 

Pure culture study. Methylosinus trichosporium OB3b (obtained 
from R. Whittenbury via. T. Yoshinari) was used as a reference 
culture to compare the stoichiometry of the conversion of methane 
to carbon dioxide. Cells were grown in stoppered 500-ml Erlenmeyer 
flasks containing 100 ml modified ammonium mineral salts (AMS) 
medium (Whittenbury et al. 1970). The FeSO 4 was replaced with 
Sequestrene NaFe (CIBA Geigy Chemicals, 13% Fe) and the 
CuC12.2H20 in the trace element solution replaced with 
CuSO 4" 5 H20. The gas phase (30 kPa CH4) was established by par- 
tial evacuation with a vacuum pump and replenishing the head 
space to I atm with pure filter-sterilized CH 4. 

Flasks were incubated at 30°C on a gyratory shaker (200-250 
rev min-1). The cells were harvested in the late-log phase by cen- 
trifugation at 16000 xg for 12 min at 4 °C. The cells were washed 3 
times and resuspended in AMS medium to a density of 5.4x 109 
cells m1-1. An 8-ml aliquot of this cell suspension was added to 
each of a series of 60-ml serum bottles each containing 2 ml AMS, 
The bottles were sealed with grey butyl rubber stoppers (Wheaton 
Scientific, Millville, N J) and filter-sterilized CH 4 added by syringe 
injection after withdrawing an equivalent volume of the gas phase. 
The bottles were incubated under the conditions described above. 

Results 

The soil used in this s tudy conta ined  popula t ions  of 
bo th  methanogens  and  methanot rophs .  Under  

anaerobic  condi t ions  in  the presence of endogenous  
a m m o n i u m  and  nitrate, acetylene-sensitive methane  
produc t ion  was observed after a lag of about  4 days 
(Fig. 1). The delay was likely due to the gradual  lower- 
ing of  redox potential ,  the relief of  nitrate inhib i t ion  
after reduct ion or deni t r i f ica t ion of the nitrate or to 
bo th  of these factors. The sensitivity of methanogens  
to acetylene and  nitrate has been previously reported 
(Chen et al. i972; Ra imbaul t  1975; Knowles 1979). 

Soil which was no t  previously exposed to ex- 
ogenous  me thane  consumed added methane  at rates 
( 0 -  8 h) of  3.7 and  1.7 gmol  c a  4 f l a sk -  1 h -  ~ in the 
presence of  10 m M  NH4C1 and  10 m M  KNO3, respec- 
tively (data no t  shown). After  p re incubat ion  with 
10 m M  NH4C1 under  20 kPa CH 4 (1 kPa = 16.1 ~tmol 
flask - i )  for 6 days the soil slurry consumed 254 ~tmol 
CH4 flask - I  wi thin  13 h (Fig. 2). The initial  ( 0 - 2  h) 
rate of  consumpt ion  was 40.2 gmol  CH4 flask -1 h -1, 
indicat ing enr ichment  of the methane  oxidizers. 
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Fig. 1. Production of methane by the humisol under anaerobic con- 
ditions in the presence ( • ) and absence ( © ) of 5 kPa C2H 2 
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Fig. 2. Oxidation of methane by the humisol under aerobic condi- 
tions. Control flasks were incubated without soil (0). Slurries were 
preincubated for 6 days with 10 mM NH4C1 under 20 kPa CH 4 in 
air and then regassed at zero time. Oxygen was added at times in- 
dicated by the arrows 

M e t h a n e  oxidation act iv i ty  

The methane  oxidizers domina ted  within 2 days of in- 
cuba t ion  in  the presence of  20 kPa CH4, as measured 
by the rates of oxygen consumpt ion  and  product ion  of  
ca rbon  dioxide (Table 1). After  10 days of incubat ion ,  
the rates of  oxygen c onsumpt i on  and  ca rbon  dioxide 
p roduc t ion  were 98.1% and  72.1% higher, respective- 
ly, in the presence of  methane  t han  in its absence. The 
pat terns of  net  gas consumpt ion  and  produc t ion  
showed that  equimolar  amoun t s  of oxygen and  
methane  were consumed (Fig. 3). In  addi t ion,  the 
molar  yield of ca rbon  dioxide from methane  was low, 
indicat ing that  a large fract ion of  the ca rbon  was be-. 
ing incorporated into cell biomass.  

In  order to define more precisely the yield of CO 2 
from methane,  the soils were pre incubated for 8 days 
with 20 kPa CH 4. The init ial  ( 0 - 5 . 6  h) rates of C H  4 
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Table 1. Rates of oxygen consumption and production of carbon dioxide in humisol slurries in the presence and absence of methane a 

Gas phase N source AO 2 ACO 2 
(gmol flask -1 h -1) (rtmol flask -t h -a) 

Days Days 

2 10 2 10 

Air Endogenous  1.3 + 0.3 1.1 + 0.1 1.7 _+ 0.6 6.4 _+ 0.3 
Air  NH4C1 (10 raM) 2.1_+0.1 0.9+_0.1 2.5_+0.0 5.8+0.1 
A i r /CH 4 (20 kPa) NHzC1 (10 raM) 13.9+_0.1 52.8-+0.6 5.2_+0.1 21.9+_0.6 

a Values are means  of  duplicate flasks + SE 
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Fig. 3. Total consumpt ion of  methane (©) and  oxygen (&) and pro- 
duction of  carbon dioxide (11) by the humisol  after 10 days of  prein- 
cubation under 20 kPa CH 4. Initial concentrations of  CH 4 and 02 
were 333 and 296 Ixmol flask -1, respectively 

consumption and C O  2 production were then measur- 
ed and compared with those of a pure culture of 
Methylosinus trichosporium OB3b, a typical type II 
methanotroph incorporating carbon via the serine 
pathway. After correcting for carbon dioxide produced 
in the absence of  methane, the soil showed 0.27 tool 
CO2 produced/mol  CH 4 consumed (Table 2). This 
result compared favourably to the 0.20 ratio observed 
with M. trichosporium OB3b (Table 2). 

Kinetics of  methane oxidation 

The effects of  methane and oxygen concentrations on 
methane oxidation were studied in soils which were 
pre-enriched with 20 kPa CH 4 for 6 days. The kinetic 
constants were derived from double reciprocal plots of  
gas consumption rates (0 -1 .5  h) and concentrations 
of  gas in solution. Methane and oxygen were main- 
tained at dissolved concentrations of  greater than 
150 ~tM and 200 ~tM, respectively, during the experi- 
ment in which the effect of  the particular gas on 
methane oxidation was not under investigation. 

Table 2. Stoichiometry of  conversion of  methane to carbon dioxide 
by Methylosinus trichosporium OB 3b and humisol  slurries a 

ACH 4 ACO 2 CO 2 / 
(I.tmol flask -1) (gmol flask -1 ) CH 4 

Methylosinus 51.0 +- 0.9 10.3 +- 0.3 0.20 
triehosporium 
OB3b 

Soil 190.5 +- 10.4 50.4_+ 7.1 0.27 

a Culture and soil incubated in the presence o f  10 m M  NH4C1 for 
7.8 and 5.6 h, respectively. Soil was preincubated with 20 kPa CH 4 
for 8 days prior to assay. Initial CH 4 concentrations were 63 and 
313 txmol flask -1 for the culture and soil, respectively. Carbon 
dioxide produced from CH4-independent activity in soil is not  in- 
cluded in the calculation. Cells were added to give an initial protein 
concentration of  66 ~tg ml - I .  Data are means  o f  duplicate flasks 
_+SE 

The rates of  methane oxidation showed typical 
Michaelis-Menten kinetics (Fig. 4). The values of  
Vmax and apparent K m for methane were 51.5 ~tmol 
flask-1 h-1 and 66.2 IxM, respectively. A least squares 
analysis of  the double reciprocal plot showed a cor- 
relation coefficient of  0.991. 

The rates of  methane-dependent oxygen consump- 
tion were significantly reduced at dissolved oxygen 
concentrations below 58 ~tM and completely inhibited 
at 9 [xM (Fig. 5). The double reciprocal plot of  rate 
and oxygen concentration showed typical sigmoid 
kinetics (Fig. 5, open circles), suggesting positive 
homotropic cooperativity between oxygen and 
methane. However, in a type II methanotrophic bac- 
terium (strain OU-4-1), a random bireactant mecha- 
nism was described for C H  4 and O2 in which the 
binding of  one substrate decreased the affinity for the 
other (Joergensen 1985). Replotting the present data 
as (1 /V)×  (1/S 2) achieved linearity (r = 0.996) and is 
consistent with the pattern exhibited by enzymes 
which follow sigmoid kinetics (Laidler and Bunting 
1973). The values of  Vma x and apparent Km for ox- 
ygen derived from the latter plot were 51.3 ]xmol 
flask -1 h -1 and 37.0 ~tM, respectively. 
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Fig. 4. Rates of methane oxidation at different concentrations of 
dissolved methane. The humisol was preincubated for 6 days under 
20 kPa CH 4. The inset shows a double reciprocal plot of the data 

Discussion 

Methane oxidation activity 

Methane is oxidized to carbon dioxide by a series of  
two-electron oxidation steps via methanol, form- 
aldehyde and formate (Anthony 1982). Carbon is 
assimilated either at the level of  formaldehyde or as a 
combination of formaldehyde and carbon dioxide. 
The stoichiometry of methane oxidation in a humisol 
showed that  0.27 tool CO2 were produced and 1.0 tool 
02 consumed/mol  CH 4 oxidized. The molar  ratio of  
CO 2 produced from C H  4 oxidation by M. tricho- 
sporium OB3b in this study was 0.20. Whittenbury et 
al. (1970) also described CO 2 yields of  0 .2-0 .3  mol at 
the expense of  1.0-1.1 mol 02 and 1.0 tool C H  4 in 
pure cultures of  obligate methanotrophs.  Therefore, 
the results from both the humisol and pure culture 
studies imply that 70°70 - 80% of the oxidized methane 
was incorporated into cell material. 

An examination of methane carbon assimilation 
and CO2 production in freshwater systems showed 
cellular incorporation to be only 25°70-30°7o (Rudd 
and Hamil ton 1975; Harrits  and Hanson 1980) 
although values as high as 60% have been reported 
(Panganiban et al. 1979). The higher molar  yields of  
carbon dioxide per mole of  methane in these studies 
compared with the present study likely reflect dif- 
ferences in the types of  methane oxidizers and/or  their 
physiological states as described by Whittenbury et al. 
(1970). In a marine system, >98070 of  the methane 
carbon was recovered as CO2, leading to the conclu- 
sion that methane was being used primarily as an 
energy source (Griffiths et al. 1982). The authors fur- 
ther suggested that the methane oxidizers were either 
heterotrophs using organic compounds or autotrophs 
using CO2 for their carbon requirements. The rela- 
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Fig. 5. Rates of methane-dependent oxygen consumption at dif- 
ferent concentrations of dissolved oxygen. The humisol was prein- 
cubated for 6 days under 20 kPa CH 4. The inset shows double 
reciprocal plots of 1/S (Q) and 1/S 2 (e)  versus 1/V 

tively low CO2 yields exhibited in our study strongly 
indicate that methane oxidation in the soil was being 
catalysed by obligate methanotrophs.  

Kinetics of methane oxidation 

The apparent K m for methane in the soil was 66 ~M, 
which compares favourably with other kinetic studies 
using whole cell cultures of  methane oxidizers. Typical 
values reported in the literature are 60 ~ M  (Takano 
and Terui 1975), 3 2 - 4 4  ~ M  (Linton and Buckee 1977) 
and 4 5 - 4 8  ~ M  (O'Neill and Wilkinson 1977). The 
purified methane monoxygenase (MMO) of  the type 
II  obligate methanotroph Methylosinus trichosporium 
OB3B has a K m for methane of 66 ~ M  (Anthony 
1982). The soluble MMO of Methylococcus cap- 
sulatus (Bath) has a K m of 160 ~tM (Colby et al. 
1977). Other investigators have found values as low as 
1 - 4  ~ M  in pure culture studies (Nagai et al. 1973; 
Lamb and Garver 1980; Joergensen and Degn 1983), 
5 ~ M  in lake water (Rudd and Hamil ton 1975), and 
10 ~ M  in sediments (Lidstrom and Somers 1984). 

The kinetics of  methane oxidation in soil are of  in- 
terest since it has been reported that  some soils can act 
as net sinks of  atmospheric methane (Harriss et al. 
1982; Keller et al. 1983). According to Conrad (1984), 
however, the reported Km values for methane in 
aquatic and pure culture systems are too high to sup- 
port  the growth of  methane oxidizers on the trace 
levels of  gases which would be found in the aqueous 
phase of soils (ca. 2.5 n M  at 20°C). 

The present study is the first to report Michaelis- 
Menten kinetics for methane oxidation in a soil 
system. The results are in general agreement with pre- 
vious reports that the affinities of  methane oxidizers 
for methane are low with respect to fixing atmospheric 
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m e t h a n e .  T h e  d a t a  m a y  n o t  be  t r u ly  r ep resen ta t ive  o f  

in s i tu  c o n d i t i o n s  s ince the  k ine t i c  c o n s t a n t  was de-  

f i ned  in p r e - e n r i c h e d  soils a n d  the  m e a s u r e m e n t s  o f  

gases  d i s so lved  in  t he  l i qu id  p h a s e  were  b a s e d  o n  the  

gas  p h a s e  c o n c e n t r a t i o n s .  However ,  t he  soil  u sed  in 

this  s t u d y  a lso  s h o w e d  de t ec t ab l e  ac t i v i t y  o f  

m e t h a n o g e n s  u n d e r  a n a e r o b i c  cond i t i ons .  The re fo re ,  

t h e  m e t h a n e  ox id izers  in  this  p a r t i c u l a r  soil  sys t em 

m a y  n o t  be  en t i re ly  d e p e n d e n t  on  a t m o s p h e r i c  

m e t h a n e  fo r  g r o w t h  a n d  surv iva l .  A l t e rna t ive ly ,  i f  t he  

m e t h a n e  ox id ize rs  are  ab le  to  c o u p l e  t he  o x i d a t i o n  o f  

a m m o n i a  to  e n e r g y  g e n e r a t i o n  a n d  u t i l i z a t i o n  

( M a l a s h e n k o  et al. 1979), t he  g r o w t h  o n  t r ace  levels o f  

m e t h a n e  w o u l d  n o t  be  p r e d i c t e d  f r o m  the  a f f i n i t y  o f  

the i r  e n z y m e s  fo r  m e t h a n e .  T h e  ab i l i ty  o f  m e t h a n e - o x -  

id izers  i so l a t ed  f r o m  these  soils  to  c o - o x i d i z e  a m -  

m o n i u m  is c u r r e n t l y  b e i n g  s tud ied .  

Acknowledgments. This work was supported by a grant to R. K. 
from the Natural Sciences and Engineering Research Council of 
Canada (NSERC)) and by a scholarship to S. M. from NSERC. 

References 
Adamse AD, Hoeks J, de Bont JAM, van Kessel JF (1972) Microbial 

activities in soil near natural gas leaks. Arch Mikrobiol 83:32-51 
Anthony C (1982) The biochemistry of methylotrophs. Academic 

Press, London 
Brouzes R, Mayfield C1, Knowles R (1971) Effect of oxygen partial 

pressure on nitrogen fixation and acetylene reduction in a sandy 
loam soil amended with glucose. In." Lie TA, Mulder EG (eds) Bi- 
ological nitrogen fixation in natural and agricultural habitats. 
Plant Soil (Special Vol) 481- 494 

Chen RL, Keeney DR, Konrad JG, Holding AJ, Graetz DA (1972) 
Gas production in sediments of Lake Mendota, Wisconsin. J En- 
viron Qual 1:155-157 

Colby J, Stirling DI, Dalton H (1977) The soluble methane monoox- 
ygenase of Methylococcus capsulatus (Bath). Its ability to ox- 
ygenate n-alkanes, n-alkenes, ethers and alicyclic, aromatic and 
heterocyclic compounds. Biochem J 165:395-402 

Conrad R (1984) Capacity of aerobic microorganisms to utilize and 
grow on atmospheric trace gases (H2, CO, CH4). In: Klug M J, 
Reddy CA (eds) Current perspectives in microbial ecology. 
American Society for Microbiology. Washington, DC, pp 
461-467 

Griffiths RD, Caldwell BA, Cline JD, Broich WA, Morita RY (1982) 
Field observations of methane concentrations and oxidation rates 
in the southeastern Bering Sea. Appl Environ Microbiol 
44:435 -446 

Haber CL, Allen LN, Zhao S, Hanson RS (1983) Methylotrophic 
bacteria: biochemical diversity and genetics. Science 
221:1147-1153 

Hanson RD (1980) Ecology and diversity of methylotrophic 
organisms. Adv Appl Microbiol 26:3-39 

Harriss RC, Sebacher DI, Day FP (1982) Methane flux in the Great 
Dismal Swamp. Nature 247:673-674 

Harrits SM, Hanson RS (1980) Stratification of aerobic methane- 
oxidizing organisms in Lake Mendota, Madison, Wisconsin. 
Limnol Oceanogr 25:412-421 

Higgins I J, Best DJ, Hammond RC, Scott D (1981) Methane-oxidiz- 
ing microorganisms. Microbiol Rev 45:556-590 

Joergensen L (1985) The methane monooxygenase reaction system 
studied in vivo by membrane-inlet mass spectrophotometry. 
Biochem J 225:441-448 

Joergensen L, Degn H (1983) Mass spectrometric measurements of 
methane and oxygen utilization by methanotrophic bacteria. 
FEMS Microbiol Lett 20:331-335 

Keller M, Goreau TJ, Wofsy SC, Kaplan WA, McElroy MB (1983) 
Production of nitrous oxide and consumption of methane by 
forest soils. Geophys Res Lett I0:1156-1159 

Knowles R (1979) Denitrification, acetylene reduction and methane 
metabolism in lake sediment exposed to acetylene. Appl Environ 
Microbiol 38:486-493 

Laidler K J, Bunting PS (1973) The chemical kinetics of enzyme ac- 
tion. Clarendon Press, Oxford 

Lamb SC, Garver JC (1980) Batch- and continuous-culture studies 
of methane-utilizing mixed culture. Biotechnol Bioeng 
22:2097 - 2118 

Lidstrom ME, Somers L (1984) Seasonal study of methane oxida- 
tion in Lake Washington. Appl Environ Microbiol 47:1255-1260 

Linton JD, Buckee JC (1977) Interactions in a methane-utilizing 
mixed culture in a chemostat. J Gen Microbiol 101:219-225 

Malashenko YR, Sokolov IG, Romanovskaya VA, Shkurko YB 
(1979) Elements of lithotrophic metabolism of the obligate 
methylotroph Methylococcus thermophilus. Microbiology 
48:468-474. Transl of Microbiologiya 48:592-598 (1979) 

Nagal S, Mori T, Aiba S (1973) Investigation and energetics of 
methane-utilising bacteria in methane- and oxygen-limited 
chemostat cultures. J Appl Chem Biotechnol 23:549-562 

O'Neill JD, Wilkinson JF (1977) Oxidation of ammonia by 
methane-oxidizing bacteria and the effects of ammonia on 
methane oxidation. J Gen Microbiol 100:407-412 

Panganiban AT Jr, Patt TE, Hart W, Hanson RS (1979) Oxidation 
of methane in the absence of oxygen in lake water samples. Appl 
Environ Microbiol 37:303- 309 

Ralmbault M (1975) Etude de l'influence inhibitrice de l'ac6tylbne 
sur la formation biologique du m6thane dans un sol de rizibre. 
Ann Microbiol (Inst Pasteur) 126A:247-258 

Romanovskaya VA, Skurova ZP, Yurchenko VV, Tkachuk LV, 
Malashenko YR (1977) Investigation of the ability of obligate 
methylotrophs for nitrification. Microbiology 46:53-57. Transl 
of Microbiologiya 46:66-70 (1977) 

Rudd JW, Hamilton RD (1975) Factors controlling rates of methane 
oxidation and the distribution of methane oxidizers in a small 
stratified lake. Arch Hydrobiol 75:522-538 

Rudd JWM, Taylor CD (1979) Methane cycling in aquatic en- 
vironments. Adv Aquat Microbiol 26:3- 39 

Takano M, Terui G (1975) Estimation of the mass-transfer rate of 
methane by a physiological method. In: Terui G (ed) Microbial 
growth on C l compounds. Proceedings of the First International 
Symposium on Microbial Growth on Cl-Compounds. Society of 
Fermentation Technology, Japan, pp 265-273 

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

Whittenbury R, Colby J, Dalton H, Reed HL (1975a) Biology and 
ecology of methane oxidizers. In: Schlegel HG, Gottschalk G, 
Pfennig N (eds) Symposium on microbial production and utiliza- 
tion of gases (H2, CH4, CO). Akademie der Wissenschaften, 
G6ttingen, pp 281-292 

Whittenbury R, Dalton H, Eccleston M, Reed HL (1975b) The dif- 
ferent types of methane-oxidizing bacteria and some of their 
more unusual properties. In: Schlegel HG, Gottschalk G, Pfennig 
N (eds) Symposium on microbial production and utilization of 
gases (H2, CH4, CO). Akademie der Wissenschaften, GOttingen, 
pp 1 - 9  

Wilhelm ER, Baltino R, Wilcock RJ (1977) Low-pressure solubility 
of gases in liquid water. Chem Rev 2:219-262 

Zobell CE (1946) Action of microorganisms on hydrocarbons. 
Bacteriol Rev 10:1-49 

Received May 2, 1986 


