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Autotrophic Carbon Dioxide Fixation via the Calvin-Benson-Bassham 
Cycle by the Denitrifying Methanotroph 
Methylomirabilis oxyfera”

Olivia Rasigraf,3 Dorien M. Kool,b Mike S. M. Jetten,3 Jaap S. Sinninghe Damsté,b Katharina F. Ettwig3

D e p a r t m e n t  o f  M ic ro b io lo g y ,  I ns t i tu te  o f  W a te r  a n d  W e t l a n d  Resea rc h ,  R a d b o u d  Un iversi ty  N i j m e g e n ,  N i j m e g e n ,  T h e  N e t h e r l a n d s 3; D e p a r t m e n t  o f  M ar in e  O r g a n ic  

B io g e o c h e m is t r y ,  NIOZ Royal N e t h e r l a n d s  I n s t i tu te  for  Se a  R esea rch ,  Texel,  T h e  N e t h e r l a n d s b

Methane is an important greenhouse gas and the most abundant hydrocarbon in the Earth’s atmosphere. Methanotrophic mi­
croorganisms can use methane as their sole energy source and play a crucial role in the mitigation of methane emissions in the 
environment.“ Candidatus Methylomirabilis oxyfera” is a recently described intra-aerobic methanotroph that is assumed to use 
nitric oxide to generate internal oxygen to oxidize methane via the conventional aerobic pathway, including the monooxygenase 
reaction. Previous genome analysis has suggested that, like the verrucomicrobial methanotrophs, “Ca. Methylomirabilis oxy­
fera” encodes and transcribes genes for the Calvin-Benson-Bassham (CBB) cycle for carbon assimilation. Here we provide multi­
ple independent lines of evidence for autotrophic carbon dioxide fixation by “Ca. Methylomirabilis oxyfera” via the CBB cycle. 
The activity of ribulose-l,5-bisphosphate carboxylase/oxygenase (RubisCO), a key enzyme of the CBB cycle, in cell extracts from 
an “Ca. Methylomirabilis oxyfera” enrichment culture was shown to account for up to 10% of the total methane oxidation activ­
ity. Labeling studies with whole cells in batch incubations supplied with either 13CH4 or [13C]bicarbonate revealed that “Ca. 
Methylomirabilis oxyfera” biomass and lipids became significantly more enriched in 13C after incubation with 13C-labeled bicar­
bonate (and unlabeled methane) than after incubation with 13C-labeled methane (and unlabeled bicarbonate), providing evi­
dence for autotrophic carbon dioxide fixation. Besides this experimental approach, detailed genomic and transcriptomic analy­
sis demonstrated an operational CBB cycle in “Ca. Methylomirabilis oxyfera.” Altogether, these results show that the CBB cycle 
is active and plays a major role in carbon assimilation by “Ca. Methylomirabilis oxyfera” bacteria. Our results suggest that aut­
otrophy might be more widespread among methanotrophs than was previously assumed and implies that a methanotrophic 
community in the environment is not necessarily revealed by 13C-depleted lipids.

M e th an e  is an  im p o r ta n t vo latile  p ro d u c t o f  th e  an ae ro b ic  
d e g rad a tio n  o f  o rg an ic  m a tte r  a n d  is th e  m o s t a b u n d a n t 

h y d ro c a rb o n  in  th e  E a rth ’s a tm o sp h e re  ( 1 ). It is th e  m o s t red u ced  
fo rm  o f  carb o n , b u t  w hile  b earin g  a vast a m o u n t o f  energy, it is 
th e rm o d y n am ica lly  o ne  o f  th e  m o st d ifficu lt o rg an ic  c o m p o u n d s  
to  activate. T he  b io log ical o x id a tio n  o f  m e th a n e  o ccurs u n d e r  
b o th  oxic a n d  anox ic  c o n d itio n s  a n d  is p e rfo rm e d  by  specialized  
g ro u p s o f  Bacteria o r Archaea. A erob ic  m e th a n o tro p h s  b e lo n g  to  
th e  Bacteria, a n d  all oxid ize m e th a n e  in  a s im ilar m an n e r, using  
oxygen fo r th e  first step o f  o x id a tio n  o f  m e th a n e  to  m e th a n o l b y  a 
m o n ooxygenase . In  th e  fo llow ing  reac tio n s, catalyzed b y  d e h y d ro ­
genases, m e th a n o l is o x id ized  to  ca rb o n  d iox ide, w ith  fo rm a ld e ­
h yde  a n d  fo rm ate  b e ing  in te rm ed ia te s  (2).

T he  aero b ic  m e th a n o tro p h s  b e lo n g in g  to  th e  Proteobacteria 
w ere d iv id ed  in to  tw o  types o n  th e  basis o f  th e ir  m o rp h o lo g y  a n d  
physio log ical p ro p e rtie s , in c lu d in g  th e  ro u te  o f  C j a ssim ila tio n  
(3). T ype I m e th a n o tro p h s  m o stly  u tilize  th e  ribu lose  m o n o p h o s ­
p h a te  (R uM P ) pathw ay , in  w h ich  all cellu lar ca rb o n  is derived  
fro m  m e th a n e  a n d  en te rs  th e  p a th w ay  at th e  level o f  fo rm ald eh y d e  
(2 -4 ) . T ype II m e th a n o tro p h s  assim ila te  c a rb o n  via a c o m b in a ­
tio n  o f  th e  serine  a n d  e th y lm alony l coenzym e A (e thy lm alony l- 
C oA ) pathw ays, in  w h ich  ap p ro x im ate ly  o ne  h a lf  o f  th e  cellu lar 
c a rb o n  is de riv ed  fro m  m e th a n e  via fo rm ald eh y d e  a n d  th e  o th e r  
h a lf  o rig in a tes fro m  m u ltip le  carb o x y la tio n  reac tio n s in  b o th  
p a thw ays (5 -7 ). B oth  serine  a n d  R uM P  pathw ays re p re sen t che- 
m o o rg a n o h e te ro tro p h ic  m o d es  o f  m e tab o lism  a n d  w ere c o n s id ­
ered  to  be  u n iversal am o n g  aero b ic  m e th a n o tro p h s . H ow ever, 
som e p ro teo b ac te ria ! m e th a n o tro p h s  d o  possess co m p le te  gene

sets fo r a u to tro p h ic  C 0 2 fixation  by  th e  red u ctiv e  p e n to se  p h o s ­
p h a te  cycle, c o m m o n ly  k n o w n  as th e  C a lv in -B enson-B assham  
(CBB) cycle (8 -1 3 ): th e  type I m e th a n o tro p h s  Methylococcus cap­
sulatus a n d  Methylocaldum szegediense 0 - 1 2  a n d  th e  type  II 
m e th a n o tro p h s  Methyloferula stellata AR4, Methylocella silvestris 
BL2, a n d  Methylocapsa acidiphila B2. It still rem a in s to  be  ex p eri­
m en ta lly  va lid a ted  w h ich  ro le  th e  CBB cycle plays in  these  o rg a n ­
ism s.

F or a cen tu ry  afte r th e ir  first d iscovery  in  1906 by  S öhngen , 
m e th a n o tro p h ic  b ac teria  w ere believed  to  be  re s tr ic ted  to  th e  Al­
phaproteobacteria a n d  Gammaproteobacteria (14). H ow ever, since 
2007 several in d e p e n d e n t stud ies have sh o w n  th a t  b ac teria l 
m e th a n o tro p h s  are  phy logenetically  m u c h  m o re  diverse a n d  are 
also fo u n d  w ith in  th e  v e rru c o m ic ro b ia l a n d  N C 10 ph y la  (1 5 -1 8 ). 
T he  d iscovery  o f  th e  (ac idoph ilic) v e rru c o m ic ro b ia l m e th a ­
n o tro p h s  n o t o n ly  revealed  a w id er en v iro n m en ta l a n d  p h y lo g e­
n e tic  sp e c tru m  fo r aero b ic  m e th a n o tro p h y  b u t  also d e m o n s tra te d  
th a t  these  m e th a n o tro p h s  lack  essen tia l genes o f  b o th  th e  R uM P
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a n d  th e  serine  pathw ays (19). In stead , th ey  w ere show n  to  utilize 
th e  CBB cyc le  fo r c a rb o n  d iox ide  fix ation , challeng ing  th e  p a ra ­
d igm  th a t  m e th a n o tro p h s  are h e te ro tro p h s  th a t  derive a large p a r t  
o f  th e ir  b io m ass fro m  m e th a n e  (20). S im ilarly , g en o m e analysis 
suggested  th a t  th e  firs t d escribed  m e m b e r o f  th e  N C 10 p h y lu m , 
th e  n itr i te -d e p e n d e n t m e th a n e  ox id izer “C a n d id a tu s  M e th y lo m i­
rab ilis oxyfera ,” m ay  also em p lo y  th e  CBB cycle fo r c a rb o n  assim ­
ila tio n  (16, 21). “Ca. M e th y lo m irab ilis  oxyfera” oxid izes m e th an e  
via a sequence o f  reac tio n s  s im ilar to  those  em p lo y ed  b y  aerob ic  
m e th a n o tro p h s ;  h o w e v e r, i t  d o es so in  th e  c o m p le te  ab sen ce  o f  
e x te rn a l oxygen . In s te a d , n i tr i te  is r e d u c e d  to  n i tr ic  o x id e , a n d  
th e  la t te r  is h y p o th e s iz e d  to  b e  d is m u ta te d  to  m o le c u la r  n i t r o ­
gen  a n d  oxy g en  (16 , 22). T h e  in te rn a l ly  p ro d u c e d  oxy g en  can  
th e n  be  u se d  fo r  m e th a n e  o x id a tio n  b y  a m e th a n e  m o n o o x y ­
genase .

B efore th e  re ce n t d iscovery  o f  w id esp read  a u to tro p h y  a m o n g  
v e rru c o m ic ro b ia l m e th a n o tro p h s  (20, 23), all m e th a n o tro p h s  
w ere believed  to  derive a t least h a lf  o f  th e ir  cellu lar c a rb o n  fro m  
m eth an e . T his fact w as u sed  fo r th e  ch arac te riza tio n  o f  m e th a ­
n o tro p h ic  co m m u n itie s  b y  stable c a rb o n  iso to p e  p ro b in g  (SIP) 
(2 4 -2 9 ). T he d e tec tio n  o f  aerob ic  m e th a n o tro p h y  in  c u ltu re -in - 
d e p e n d e n t e n v iro n m en ta l s tu d ies w as also b ased  on  labe ling  o f 
b io m ass a n d  lip ids w ith  th e  s tro n g ly  d ep le ted  13C  sig n a tu re  o f  
b io g en ic  m e th a n e  (3 0 -3 3 ). O n  th e  basis o f  these  o b servations, 
a u to tro p h y  w as generally  d ism issed  as a d o m in a n t m o d e  o f  car­
b o n  fixation  in  m e th a n o tro p h ic  o rgan ism s. H ow ever, a recen t 
s tu d y  b y  Sharp  et al. (23) has d e m o n s tra te d  th a t  a m o d ified  SIP 
m e th o d  w ith  [13C ]b ica rb o n a te  is necessary  to  reveal a u to tro p h ic  
m e th a n o tro p h ic  c o m m u n itie s  in  a g eo th e rm a l en v iro n m en t.

T he c u rre n t s tu d y  a im ed  to  investigate  th e  m o d e  o f  C 4 assim ­
ila tio n  in  “Ca. M eth y lo m irab ilis  oxyfera” e n ric h m e n t cu ltu res  
th ro u g h  a tie red  ap p ro ach . W e carried  o u t  d e ta iled  g en o m e an d  
tran sc r ip to m e  analysis fo cusing  o n  th e  p o te n tia l fo r a u to tro p h ic  
C 0 2 fixation  v ia th e  CBB cycle a n d  em ployed  enzym e activ ity  
assays to  d e tec t th e  activ ity  o f  r ib u lo se - l ,5 -b isp h o sp h a te  ca rb o x ­
y lase/oxygenase (R ubisC O ) in  cell ex tracts. In  w ho le-ce ll b a tc h  
in cu b a tio n s , we p e rfo rm e d  13C -labe ling  ex p erim en ts  u sing  la ­
b e led  m e th a n e  a n d /o r  b ica rb o n a te  to  id en tify  th e  effective source  
o f  C  assim ila tio n  in  “Ca. M eth y lo m irab ilis  oxyfera”-specific  lip id  
b io m a rk e rs  a n d  to ta l e n r ic h m e n t cu ltu re  b iom ass.

MATERIALS AND METHODS
“Ca. M ethylom irabilis oxyfera” enrichm ent culture. The culture o f “Co. 
Methylomirabilis oxyfera” strain Ooij was enriched in an anoxic sequenc­
ing batch bioreactor as previously described (34). The enrichm ent culture 
was dom inated by “Co. Methylomirabilis oxyfera,” making up approxi­
mately 80% of the total community, as estimated from previous fluores­
cence in situ  hybridization (FISH) analysis.

T ranscriptom ic and genomic analysis. Phylogenetic sequence analy­
sis o f the large-chain RubisCO genes was perform ed by comparison of 
cbbL gene sequences obtained from GenBank using the ClustalW algo­
rithm  within MEGA (version 5.0) software (35, 36). The resulting align­
m ent was manually checked. The phylogenetic tree was calculated using 
the neighbor-joining m ethod (37) and a bootstrap test o f 1,000 replicates. 
The Dayhoff m atrix was used for reconstruction of evolutionary dis­
tances. The transcriptom e data used in this study were obtained from 
reference 38. Mapping of the total RubisCO reads was perform ed with 
CLC Bio Genomics W orkbench (version 5.0) software using a sequence 
data set downloaded from  GenBank as a m apping reference. The genome 
analysis was perform ed on the basis o f  published data with additional 
BLAST analysis.

Cell extract preparations. Biomass was obtained from  the enrichment 
culture and centrifuged (under oxic conditions) for 30 m in at 16,500 X g  
(Sorvall RC5B Plus centrifuge; D uPont, Bad Hom burg, Germany) at 4°C. 
The supernatant was discarded, and the pellet was resuspended in 20 mM 
Tris-HCl (pH 8.0) containing 50 mM sodium pyrophosphate (PP¡). The 
final volume of resuspended pellet was 7 ml, to which 1 tablet o f a protease 
inhibitor cocktail (Boehringer, M annheim, Germany) and 1 mg DNase 
(Roche Diagnostics, M annheim, Germany) were added. The disruption 
of cells was perform ed on ice by ultrasonication at 110 MPa 15 times for 10 
s each tim e with pause intervals oflO  s between each ultrasonication. The 
sonicated biomass was centrifuged for 10 min at 12,000 X g  and 4°C. The 
pellet was discarded, and the supernatant was further centrifuged for 10 
min under identical conditions. Finally, the dark reddish-brownish super­
natant was stored on ice for enzyme assays.

RubisCO activity assays. The m ethod for the RubisCO activity assay 
was adapted from  reference 20. It is based on the determination of 13CO, 
liberation after the destruction of labeled 3-phosphoglycerate, which is 
form ed after the RubisCO-specific carboxylation o f ribulose-l,5-bispho- 
sphate (RuBP) by CO, originating from  labeled bicarbonate. The 
RubisCO activity can then be deduced from  the increase in 13C O , during 
a tim e series o f samples.

The assay was perform ed in 2-ml septum  vials (Labeo, U nited King­
dom) with a liquid volume o f 250 pi. Depending on the am ount o f cell 
extract used, either 175 or 200 p i o f  20 mM  potassium phosphate buffer 
(pH 6.9) containing lO m M M gCl, was used. Cell extract (50 or 25 pi) and 
20 p i o f 100 mM  N aH 13C 0 3 were added with a syringe to closed vials 
containing buffer, and th e  vials were vortexedfor2 san d  incubatedfor 10 
min at 30°C. Then, 5 p i o f 25 mM RuBP was added and the vials were 
vortexed for 2 s. Further incubation was perform ed at 30°C, and samples 
o f 50 p i were withdrawn by a syringe and injected into closed 3-ml Ex- 
etainer vials (Labeo Limited, High Wycombe, United Kingdom) at inter­
vals o f 5 or 10 min over a total period o f 20 min. Each Exetainer vial was 
amended with 20 p i o f 0.5 M HCl, and the contents were dried under 
vacuum at 50°C overnight. The dried samples were am ended with 0.5 ml 
ice-cold 0.1% K M n04 in 0.1 M H 3P 0 4 in closed Exetainer vials, an d th e  
vials were vortexed for 5 s and incubated for 25 m in at 50°C. After incu­
bation, the samples were kept at room  tem perature for 1 h for equilibra­
tion. The final measurement o f headspace C O , was perform ed by gas 
chromatography (GC) with a gas chromatograph coupled to a mass spec­
trom eter (MS; 5975C; Agilent, Santa Clara, CA). Each m easurement was 
perform ed in duplicate by injection o f 100 p i o f headspace gas with a 
gas-tight syringe.

C arbon isotope tracing  experim ents. The effective assimilation of 
carbon from  m ethane or bicarbonate/CO, into the biomass and lipids o f 
"Ca. Methylomirabilis oxyfera” was investigated with SIP experiments. 
Various treatm ents were perform ed in which "Ca. Methylomirabilis oxy­
fera” biomass was incubated with either [13C] methane o r [13C] bicarbon­
ate. The [13C] methane treatm ent also contained unlabeled bicarbonate, 
and the treatm ent with [13C]bicarbonate also received m ethane as the 
energy source. A control with [13C] bicarbonate w ithout methane was 
included, and as a reference, biomass was also incubated with unlabeled 
m ethane and unlabeled bicarbonate. Additional treatm ents were included 
to test the use o f H , and/or formate as alternative electron donors. All 
treatm ents, summarized in Table 1, received nitrite as the electron accep­
tor.

Incubation  setup. The reactor biomass was washed in 10 mM  3-{N - 
m orpholino)propanesulfonic acid (MOPS) buffer (pH 7.4) and resus­
pended in nitrate-free mineral salt m edium  described previously (31). 
MOPS was used as a buffering agent (pH 7.4) at a final concentration o f 5 
mM. Duplicate incubations were perform ed in 60-ml glass serum bottles 
amended with different combinations o f 13C-labeled or unlabeled sodium 
bicarbonate (2.5 mM ), methane (—4% in headspace), or formate (2.5 
mM). All incubation mixtures were amended with sodium nitrite (0.3 
mM) at the start o f incubation and spiked with additional nitrite when the 
concentration in the bottles was close to 0, as estimated by M erckoquant
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Autotrophy in “Candidatus Methylomirabilis oxyfera"

TABLE 1 Summary o f treatm ents o f  the "Ca. Methylomirabilis oxyfera” 
enrichment culture in labeling experiments

N aHC03 treatment Electron donor

13C 12c h 4
12C 13c h 4
12c 12c h 4
13c

12c h 4
12c 13CH4 + H,
13c h 2
13c 12CH4 + H,
13c 12c h 4
12c H 13COCtt
13c H 12COCT

13c h 4

test strips. The bottles were sealed with red butyl rubber stoppers and 
crim ped with alum inum  rings. Immediately after sealing, the batch cul­
tures were made anoxic by 5 cycles o f successive vacuuming and gassing 
with argon and a final flushing with argon tor at least 10 min. In each 
bottle, an overpressure o f 0.4 bar was applied. Thereafter, the incubation 
mixtures were amended with 13C-labeled (99 atom%; Isotec Inc., Mathe- 
son Trigas Products Division) o r unlabeled methane (4%; Air Liquide, 
Eindhoven, The Netherlands), and some treatm ents were amended with 
hydrogen (16% headspace gas). Additionally, 2 ml unlabeled C O , was 
added to each bottle to achieve bicarbonate/CO, equilibrium. The cul­
tures were incubated horizontally on a shaker (170 rpm; Innova40; New 
Brunswick Scientific) at 30°C. The pH  was m easured with a pH  meter 
(M etrohm 691; Herisau, Switzerland) at the start and the end of incuba­
tion. The headspace pressure was m onitored several times during the 
experiment with a needle pressure m eter (GMH 3111 ; Greisinger, Ger­
many).

Analysis of m ethane, n itrite , form ate, and pro tein  concentrations.
The methane concentration in the headspace was measured by gas chro­
matography with a flame ionization detector (HP 5890 series II; Agilent 
Technologies, Santa Clara, CA). Each measurement was perform ed in 
duplicate by injection of 100 p i headspace gas with a gas-tight syringe. 
Measurements o f carbon dioxide, oxygen, and hydrogen were performed 
by GC-MS (see above). At the same time, liquid samples o f 200 pi each 
were taken for nitrite and formate determination. After each activity ex­
periment, 0.5 ml o f biomass was taken from  each incubation bottle for 
determination of the total protein content. The remaining biomass was 
centrifuged in 50-ml tubes at 4,000 X g  for 20 min, the supernatant was 
discarded, and the pellets were kept at — 80°C until subsequent freeze- 
drying and following lipid and isotope analysis. Nitrite and protein con­
centrations were determined colorimetrically as described in reference 34. 
Formate determination was perform ed with a m ethod slightly modified 
from  one described previously (39). A sample o f 0.1 ml was mixed with 0.2 
ml freshly prepared working solution (0.5 g citric acid and 10 g acetamide 
in 100 ml 2-propanol), 0.01 ml sodium  acetate (30% [wt/vol] in Milli Q 
water), and 0.7 ml acetic anhydride. All samples (in triplicate) were incu­
bated for 2 h at room  tem perature in the dark, and the extinction was 
measured at 510 nm  with a spectrophotom eter (Ultrospec K; LKB Bio- 
chrom  Ltd., Cambridge, United Kingdom).

During the experiment, the enrichm ent culture exhibited m etha­
notrophic activity o f 1.3 to 1.6 nm ol CH4 m in- 1 m g~ 1 protein. Associated 
nitrite consum ption closely followed the theoretical stoichiometry o f 3:8 
(CH4/N 0 2- ) .  In the treatm ents where we checked for the use o f alterna­
tive electron donors, we confirmed that neither formate nor hydrogen was 
used as the electron donor by the "Ca. Methylomirabilis oxyfera” enrich­
m ent culture (data not shown). The presence o f hydrogen did no t have 
any effect on the m ethanotrophic activity. Interestingly, the nitrite- and 
methane-oxidizing activity was considerably lower in incubations with­

out added bicarbonate, although the difference in pH  from  that in cul­
tures with added bicarbonate was not significant.

Bulk and com pound-specific isotope analysis. The freeze-dried bio­
mass was separated into subsamples for bulk and compound-specific iso­
tope analysis. For bulk isotope analysis o f the biomass, the subsamples 
were acidified with 2 N HC1 in silver foil cups to remove all inorganic 
carbon and dried at 60°C overnight. Isotope values were determined by 
elemental analysis, followed by isotope ratio mass spectrometry (with a 
Thermo Flash 2000 elemental analyzer coupled to  a Therm o DeltaV in­
form ation request m anagement system). Lipid extraction of the sub- 
sample for compound-specific analysis was carried out as described pre­
viously (40). In short, after saponification the obtained extracts were 
methylated with boron trifluoride (BF3) in methanol and subsequently 
separated into apolar and polar fractions by column chromatography 
over activated alum ina (A1,03). Previous analysis had revealed that the 
apolar fraction comprised the m ajority o f the total lipids (40). The apolar 
fractions were subsequently analyzed by GC (Agilent 6890) and GC-MS 
(with a Therm o Trace GC Ultra GC coupled to a Therm o Trace DSQ MS). 
The GC was equipped with a fused-silica column (25 m  by 0.32 mm) 
coated with CP Sil 5 (film thickness =  0.12 pm ), and He was the carrier 
gas. The relative abundance o f the tatty acid methyl esters was derived 
from  the integrated GC profile. Com pounds were identified by GC-MS 
following m ethods described previously (40). For stable carbon isotope 
analysis, fractions were analyzed by GC coupled to isotope ratio mass 
spectrometry as described previously (41). Raw data were corrected for 
the 8 13C of the carbon derived from BF3-m ethanol that was added during 
preparation of the methyl esters o f the fatty acids.

RESULTS
Genome and transcriptome analysis of C3 assimilation poten­
tial by “Ca. Methylomirabilis oxyfera.” Detailed analysis of the 
previously published genome data (16) showed that neither the 
serine nor the RuMP pathway was complete in “Ca. Methylomi­
rabilis oxyfera.” For both pathways, important key genes could 
not be annotated. In the RuMP pathway, 3-hexulose-6-phosphate 
synthase (HPS) and 6-phospho-3-hexuloisomerase (PHI) were 
missing. Malyl-CoA lyase, malate thiokinase, and glycerate 2-ki- 
nase were absent in the serine pathway.

When we consider the six known autotrophic pathways, only the 
CBB cycle gene setwas complete. Analysis ofthe previouslypublished 
transcriptomic and proteomic data (16, 38) revealed that all CBB 
cycle genes were also significantly expressed in “Ca. Methylomirabi­
lis oxyfera” bacteria. The relative expression of CBB cycle-associ­
ated genes and, for comparison, key catabolic genes is shown in 
Table 2. The CBB genes were arranged in four separate clusters 
(Fig. 1), with additional copies of a phosphoribulokinase (PRK) 
and a fructose-1,6-bisphosphatase (FBPase) not being located 
within a ebb operon.

Two enzymes are exclusive to the CBB cycle: RubisCO and 
PRK (42). The large subunit ofthe “Ca. Methylomirabilis oxyfera” 
RubisCO belongs to the red-like type le (Fig. 2), indicating its 
proteobacterial origin and no close relatedness to verrucomicro­
bial sequences.

Additionally, two isoforms of an LysR-type transcriptional ac­
tivator were identified in the genome of “Ca. Methylomirabilis 
oxyfera.” Many autotrophs regulate CBB cycle gene expression via 
the LysR-type transcriptional regulator designated CbbR (43). It 
was shown previously that CbbR is essential for the induction of 
autotrophy in Xanthobacter flavus (44-46). However, the cbbR- 
like genes of “Ca. Methylomirabilis oxyfera” are not located in the 
vicinity of any ebb cluster, and it remains to be shown whether the
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TABLE 2 Relative expression o f CBB cycle-associated genes and (for comparison) key catabolic genes in “Ca. Methylomirabilis oxyfera”a

Open reading frame 
identifier Gene name Encoded protein ECb no.

Relative
expression47

damo_0174 cbbFl Fructose-1,6-bisphosphatase II 3.1.3.11 8.3
damo_0175 cbbA Fructose-bisphosphate aldolase II, CBB cycle subtype 4.1.2.13 9.8
damo_0176 cbbE Ribulose-phosphate 3-epimerase 5.1.3.1 8.8
damo_0339 cbbGl Glyceraldehyde 3-phosphate dehydrogenase 1.2.1.12 9.4
damo_0340 cbbK Phosphoglycerate kinase, 5 ' end 2.7.2.3 9.1
damo_0341 cbbK Phosphoglycerate kinase, 3 ' end 2.7.2.3 8.3
damo_0342 tpiA Triosephosphate isomerase 5.3.1.1 9.0
damo_0804 oxyR LysR-type transcriptional activator 7.5
damo_0861 oxyR LysR-type transcriptional activator 8.7
damo_2116 cbbPl Phosphoribulokinase 2.7.1.19 3.9
damo_2163 cbbF2 Fructose-1,6-bisphosphatase II 3.1.3.11 9.6
damo_2164 rpiA Ribulose-5-phosphate isomerase A 5.3.1.6 8.1
damo_2165 cbbL Ribulose-l,6-bisphosphate carboxylase/oxygenase, large chain 4.1.1.39 9.3
damo_2166 cbbS Ribulose-l,6-bisphosphate carboxylase/oxygenase, small chain 4.1.1.39 10.1
damo_2167 cbbX Ribulose-l,6-bisphosphate carboxylase/oxygenase activase, AAA ATPase 9.9
damo_2168 ppcA Phosphoenolpyruvate carboxylase 4.1.1.31 9.3
damo_2170 cynT Carbonic anhydrase 4.2.1.1 10.3
damo_2650 cbbF3 Fructose-1,6-bisphosphatase II 3.1.3.11 9.6
damo_2651 cbbT Transketolase 2.2.1.1 7.9
damo_2652 cbbG2 Glyceraldehyde- 3 -phosphate- dehydrogenase 1.2.1.12 7.9
damo_2653 cbbP2 Phosphoribulokinase 2.7.1.19 9.9
damo_2986 cbbF4 Fructose-1,6-bisphosphatase II 3.1.3.11 9.1
damo_0134 mxaF3 Methanol dehydrogenase, large subunit 1.1.99.8 10.3
damo_0136 mxaJ3 Hypothetical protein involved in methanol dehydrogenase 1.1.99.8 8.7
damo_0138 mxaG3 Cytochrome cl involved in methanol dehydrogenase 1.1.99.8 9.7
damo_0454 fae Formaldehyde-activating enzyme 4 .3 . - . - 14.6
damo_0455 mtdB Methylenetetrahydromethanopterine dehydrogenase 1.5.1.- 10.4
damo_0456 fwdD Formylmethanofuran dehydrogenase 1.2.99.5 10.6
damo_0457 fhcB Formyltransferase/hydrolase complex, subunit ß 9.7
damo_0458 fhcA Formyltransferase/hydrolase complex, subunit a 10.0
damo_0459 flicD Formyltransferase/hydrolase complex, subunit 8 10.0
damo_0460 fhcC Formyltransferase/hydrolase complex, subunit y 10.6
damo_0461 mch Methenyltetrahydromethanopterin cyclohydrolase 3.5.4.27 8.3
damo_0853 fdhA2 Formate dehydrogenase, subunit a 1.2.1.2 8.1
damo_0854 fdhB2/C2 Formate dehydrogenase, subunits ß and y 1.6.99.5 8.0
damo_1134 fwdD2 Formylmethanofuran dehydrogenase 1.2.99.5 8.3
damo_1135 fhcB2 Formyltransferase/hydrolase complex, subunit ß, 5 ' end 7.5
damo_1136 fhcB2 Formyltransferase/hydrolase complex, subunit ß, 3 ' end 8.3
damo_1852 folD 5,10-Methylene-tetrahydro fo late dehydrogenase; 5,10-methenyl-tetrahydrofolate 

cyclohydrolase
1.5.1.5; 3.5.4.9 8.3

damo_2415 nirS Nitrite reductase, cytochrome cdi type 1.7.2.1 12.0
damo_2434 norZ2 Putative nitric oxide dismutase 11.7
damo_2437 norZ3 Putative nitric oxide dismutase 13.6
damo_2448 pmoB Particulate methane monooxygenase, subunit a 1.14.13.25 11.4
damo_2450 pmoA Particulate methane monooxygenase, subunit ß 1.14.13.25 12.3
damo_2451 pmoC Particulate methane monooxygenase, subunit y 1.14.13.25 0.0
a The transcriptome analysis was performed on the basis of data published previously (38). The presented data refer to the anoxic period. 
b EC, enzyme nomenclature designation.
c Relative expression was determined from log2(RPKM + 1), where RPKM is reads per kilobase per million mapped reads.

expressed LysR-type proteins are specifically involved in the reg­
ulation of the CBB cycle or other metabolic processes.

Two accessory elements are often associated with an active 
CBB cycle: the presence of C 0 2-concentrating microcompart­
ments, commonly known as carboxysomes, and a photorespira­
tion pathway employed to detoxify the 2-phosphoglycolate 
formed due to the oxygenase activity of RubisCO (47, 48). How­
ever, neither carboxysome-encoding genes nor carboxysome-like 
structures could be observed in “Ca. Methylomirabilis oxyfera” 
cells using electron microscopy (49), indicating a cytoplasmic

C 02 fixation. Besides C 0 2, 0 2 is a competing substrate of 
RubisCO, which leads to a reduced C 02 fixation efficiency and the 
production of 2-phosphoglycolate (47), a toxic compound. The 
detoxification of phosphoglycolate eventually leads to the forma­
tion of 3-phosphoglycerate, which can reenter the CBB cycle. So 
far, three routes of the photorespiratory pathway are known: the 
C2 cycle, the glycerate pathway, and decarboxylation (50, 51). In 
each pathway, glycerate is the key intermediate, and steps lead­
ing to its formation are common to all. Glycerate is formed via 
glycolate from 2-phosphoglycolate, being catalyzed by a phos-
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FIG 1 Gene clusters and single genes involved in or associated with the CBB cycle in "Ca. Methylomirabilis oxyfera.” The direction of transcription is indicated 
with arrows, and open reading frame identifiers are shown. The encoding genes were as follows: cbbF, fructose-1,6-bisphosphatase II; cbbA, fructose-bisphos­
phate aldolase II; cbbE, ribulose-phosphate 3-epimerase; cbbG, glyceraldehyde-3-phosphate dehydrogenase; cbbK, phosphoglycerate kinase; tpiA, triosephos- 
phate isomerase; cbbP, phosphoribulokinase; rpiA, ribulose-5-phosphate isomerase A; cbbL, ribulose- 1,6-bisphosphate carboxylase/oxygenase, large chain; cbbS, 
ribulose-1,6-bisphosphate carboxylase/oxygenase, small chain; cbbX, putative ribulose-1,6-bisphosphate carboxylase/oxygenase activase; ppcA, phosphoenol- 
pyruvate carboxylase; cynT, carbonic anhydrase; cbbT, transketolase.

phoglycolate phosphatase and glycolate oxidase. No genes en­
coding a phosphoglycolate phosphatase were identified in “Co. 
Methylomirabilis oxyfera”; however, the glycolate oxidase-encod­
ing gene glcD is present and transcribed. Furthermore, except for 
a glycerate kinase catalyzing the last step, all other proteins in­
volved in the C2 cycle are present in “Co. Methylomirabilis oxy­
fera.”

RubisCO activity. Cell extract preparations of a “Co. Methy­
lomirabilis oxyfera” enrichment culture exhibited an average 
RubisCO-specific activity of 0.2 nmol 13C 0 2 m in-1 mg protein-1 
(Fig. 3). This activity corresponded to approximately 10% of the 
methanotrophic activity of the culture at the time of the experi­
ments. No activity was observed in incubations without addition 
of either RuBP or cell extract (data not shown). Interestingly, only 
freshly prepared cell extract exhibited the C 0 2-fixing activity; 
freezing or storing on ice for longer than 1 day resulted in a com­
plete loss of activity.

Since the cell extract was prepared from an enrichment culture 
with approximately 20% other community members, we also in­
vestigated the transcriptome for reads mapping to a comprehen­
sive RubisCO data set obtained from GenBank. Over 90% of the 
total RubisCO reads mapped to the “Co. Methylomirabilis oxy­
fera” gene sequence, suggesting that the measured specific 
RubisCO activity could be attributed mainly to “Co. Methylomi­
rabilis oxyfera.”

13C labeling of bulk biomass and specific lipids. Bulk stable 
carbon isotope data showed that clearly more 13C was incorpo­
rated into the total biomass in the treatment with [13C]bicarbon- 
atethan in the treatment with [13C]methane (Fig. 4A). When CH4 
was replaced by formate or H2 as an additional electron donor, the 
incorporation of 13C from [13C] bicarbonate was minimal. The 
absolute amount of 13C incorporation into biomass was estimated 
from the bulk isotope enrichment and the total organic carbon 
data, together with the overall amount of methane oxidation (1.3 
to 1.6 nmol CH4 m in-1 mg-1 protein), amounting to an average 
of 422 fxg C oxidized per total batch incubated. By the end of the 
incubation, the [13C] bicarbonate treatment contained approxi­
mately 27 fxg more 13C than the control treatment without any 
label (absolute amount per batch incubated). In the [13C]methane 
treatment, about 11 ptg 13C was incorporated, which approxi­
mates the amount of C indirectly assimilated from methane via 
CO,. In total, approximately 38 ptg of 13C was thus assimilated 
into the biomass of each batch over the course of the experiment,

which amounts to about 9% of the amount of methane carbon 
oxidized. This correlates well with the observed specific RubisCO 
activity.

The compound-specific stable carbon isotopic analysis of fatty 
acids showed the same trend seen with the bulk carbon isotope 
enrichment, with the highest 13C enrichment seen when bicarbon­
ate was 13Clabeledin thepresence of unlabeled methane (Fig. 4B). 
The three fatty acids C16;0, 10-methyl-C16;O (10MeC16;O) and 
10MeC16;1A7, which are of main interest because of their relative 
abundance and specificity (40), all followed the same trend seen 
for total 13C uptake. Some minor fatty acids showed a different 
response to the labeling: the fatty acids iso-C15 and ai-C15 became 
similarly enriched in 13Cfrom [13C] bicarbonate, regardless ofthe 
presence of methane. For the fatty acids C18;1, C18;0, and C19cyc a 
higher degree of labeling was obtained from [13C] methane than 
from [13C]bicarbonate.

DISCUSSION

Based on the genome information, we followed the hypothesis 
that the CBB cycle would be the major route of C assimilation in 
“Co. Methylomirabilis oxyfera.” Our labeling experiments (Fig. 4) 
now provide strong indications that “Co. Methylomirabilis oxy­
fera” is an autotrophic organism, which was also recently shown 
for verrucomicrobial methanotrophs and which is in contrast to 
the findings for characterized proteobacterial methanotrophs. In 
the absence of CH4, the cultures did not incorporate significant 
amounts of 13C label, showing that CH4 is essential as an energy 
source, but the bulk stable carbon isotope analysis suggested that 
bicarbonate/C02 is the carbon source for “Co. Methylomirabilis 
oxyfera” cells (Fig. 4A). However, as the “Co. Methylomirabilis 
oxyfera” biomass is available only in enrichment culture, the pos­
sibility remains that other community members may have con­
tributed to the observed 13C incorporation. The compound-spe­
cific stable carbon isotope analysis provided the decisive data: “ Ca. 
Methylomirabilis oxyfera”-specific fatty acids 10MeC16;O and 
10MeC16;1A7 (40) showed a clearly higher 13C content after incu­
bation with 13C-labeled bicarbonate (Fig. 4) than after incubation 
with 13C-labeled methane, confirming that bicarbonate/C02 was 
indeed the carbon source for cell material of “Co. Methylomira­
bilis oxyfera.” Although some labeling was observed in the incu­
bations with 13CH4 and unlabeled bicarbonate/C02, its extent was 
clearly lower than that in the incubations with [13C] bicarbonate 
and unlabeled methane. This labeling signal was most probably
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FIG 3 Increase of ''C O , over time as an indication of specific RubisCO activ­
ity. The evolution of 13CO, results from the destruction of labeled 3-phospho- 
glycerate. The activity test was performed with a whole-cell extract. The data 
presented originated from five replicates, and error bars show standard devi­
ations.

caused by the indirect incorporation of labeled C 0 2 originating 
from labeled methane oxidation (Le., scrambling). Additionally, the 
labeling results for a minor fatty acid fraction also indicated the pres­
ence of other C 02-fixing community members (iso-C15 and ai-C15

fatty acids became similarly enriched by [13C] bicarbonate with and 
without methane) and chemoorganoheterotrophic methanotrophs 
(C18;1, C18;0, and C19cyc fatty acids became more enriched in 13C by 
[13C]methane than by [13C]bicarbonate).

At the time of the earliest nitrite-dependent methane-oxidiz­
ing enrichment culture, a labeling experiment with [13C] methane 
showed that after 3 to 6 days of incubation the 13C label was indeed 
incorporated into bacterial lipids (52). However, the anticipated 
biomarker lipid 10MeC16;O fatty acid did not become significantly 
enriched and the 13C content of the 10MeC16;1A7 fatty acid could 
not be determined due to its low abundance and coelution (52). 
This could be caused, at least in part, by the slow growth of “Ca. 
Methylomirabilis oxyfera.” However, a carbon source other than 
methane can also explain this observation. This was not tested at 
that time; our data now provide strong indications that this alter­
native carbon source is CO,.

The test for the specific activity of RubisCO with cell extracts of 
“Ca. Methylomirabilis oxyfera” confirmed that “Ca. Methylomi­
rabilis oxyfera” indeed exhibited C 0 2-fixing activity. The mea­
sured activity rate may seem low, even when it is compared to the 
2-week doubling time of “Ca. Methylomirabilis oxyfera” reported 
previously (53). However, this doubling time was observed during 
the initial enrichment period and represents exponential growth
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FIG 4 Changes in Ô13C (AÔ13C) in total biomass and fatty acids of “Ca. Methylomirabilis oxyfera” after incubation with 13C-labeled substrates relative to that 
in a control incubation without 13C labeling. (A) Changes in 013C for the total biomass in the main incubations next to those for the additional treatments that 
were included to test the use of H2 and/or formate as additional electron donors; (B) changes in 013C for the individual and total fatty acids for the main 
incubations, eye, a cyclopropyl moiety; total FA C, weighted average of the change in 013C in all fatty acids. The 013C data for the various treatments are all 
averages of two experimental replicates, and the 513C data for each experimental replicate are averages of multiple analytical replicates.
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of “Ca. Methylomirabilis oxyfera.” In the current study, the cul­
ture exhibited constant steady-state activity, indicating that it was 
probably close to stationary phase, during which enzyme expres­
sion and specific activity are expected to be lower than they are 
during exponential growth phase. Moreover, the observed specific 
RubisCO activity compared well with the estimated C assimilation 
activity determined on the basis of our 13C labeling experiments.

The genomic information and the absence of carboxysome- 
like structures (46) suggest that the CO, fixation in “Ca. Methy­
lomirabilis oxyfera” is not carboxysomal but, rather, is cytoplas­
mic. Carboxysomal C 0 2 fixation probably evolved in order to 
increase the rates in the presence of low ambient CO, concentra­
tions and to minimize photorespiration (51). As in the environ­
mental niche of “Ca. Methylomirabilis oxyfera” CO, concentra­
tions are unlikely to be limiting and external oxygen is not present, 
carboxysomal C 02 fixation might not offer an advantage in com­
parison with cytoplasmic CO, fixation. The incomplete photore­
spiration pathway also implies that photorespiration might not be 
relevant in “Ca. Methylomirabilis oxyfera”; however, the mecha­
nism of the hypothesized internal oxygen metabolism is not yet 
known, and the possibility of internal RubisCO oxygen exposure 
cannot be ruled out.

The first methanotroph to be shown to possess the functional 
CBB cycle was Aí. capsulatus; however, the main route of carbon 
assimilation in this methanotroph was shown to be the RuMP 
pathway (9, 54). The autotrophic growth of Aí. capsulatus could 
not be achieved in liquid and could be achieved only poorly on 
solid medium with C 02 and H2 or formate (8). Some other pro­
teobacteria! methanotrophs were also shown to possess the com­
plete machinery for an operational CBB cycle (10-12), but so far it 
remains unclear what role it might play in those methanotrophs. 
In contrast, it was recently shown that autotrophy is widespread 
among the newly discovered verrucomicrobial methanotrophs 
(20, 23). The finding that autotrophy might be a more common 
mode of C2 metabolism among methanotrophs has implications 
for the detection of methanotrophy and assessment of its signifi­
cance in the environment. It implies that the stable carbon isoto­
pic signature of these bacteria would not identify them as part of 
the methanotrophic community in situ and in conventional stable 
isotope studies. A recent report on methanotrophy in a geother­
mal soil demonstrated that labeling with [13C] methane, as com­
monly used in SIP studies targeting methanotrophs, failed in de­
tecting the active methanotrophic community (23). Instead, a 
modified SIP method including [13C]bicarbonate/C02 was neces­
sary to successfully detect autotrophic methanotrophs (23). The 
same would apply to the detection of “Ca. Methylomirabilis oxy- 
fera”-like methanotrophs in mesophilic, anoxic, and suboxic en­
vironments. Thus, “Ca. Methylomirabilis oxyfera” might have es­
caped detection by means of stable isotope analysis, and, more 
generally, the contribution of autotrophic methanotrophic bacte­
ria to methane cycling might have been hitherto overlooked.
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