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We detected flavins in the growth medium of the methanotrophic bacterium Methylocystis species strain M.
Flavin secretion correlates with growth stage and increases under iron starvation conditions. Two other
methanotrophs, Methylosinus trichosporium OB3b and Methylococcus capsulatus (Bath), secrete flavins, suggest-
ing that flavin secretion may be common to many methanotrophic bacteria.

Methanotrophic bacteria utilize methane as their sole car-
bon source and play a key role in the global carbon cycle. The
first step in methane metabolism, the oxidation of methane to
methanol, is catalyzed by methane monooxygenase (MMO)
metalloenzymes by either a copper-dependent membrane-
bound particulate MMO (pMMO) (9) or an iron-dependent,
soluble MMO (sMMO) (18). Therefore, metals are necessary
for the growth of methanotrophic bacteria (12, 13). Despite the
importance of metals in methanotroph physiology, uptake of
metal ions by methanotrophic bacteria is not well understood.
To study metal acquisition, we purified and characterized com-
ponents of the spent growth medium from Methylocystis species
strain M. Unexpectedly, we detected extracellular flavins (ri-
boflavin and flavin mononucleotide [FMN]).

To perform these experiments, the type II methanotroph
Methylocystis sp. strain M was grown using a procedure similar
to that described for Methylosinus trichosporium OB3b (7, 8,
10) (see the supplemental material). The spent growth medium
from Methylocystis sp. strain M was purified by fast protein
liquid chromatography (FPLC) using a Discovery DSC-18 re-
verse-phase column. The eluted fractions exhibit UV-visible
spectral features that suggest the presence of flavins (Fig. 1A).
When the fractions were purified further using a Supelco C18

column, the purified flavins exhibited absorption features that
were identical to those of commercial riboflavin (see Fig. S1 in
the supplemental material). Upon excitation at 441 nm, the
fluorescence emission spectrum of the purified fractions exhib-
ited a broad peak between 450 and 700 nm, with a maximum at
523 nm (Fig. 1B). This feature is characteristic of the isoallox-
azine ring in flavins (11, 21).

To characterize the amount of extracellular flavins secreted
throughout growth, the cells were grown under three metal
availability conditions: default growth (50 �M CuSO4 � 5H2O,
40 �M FeSO4 � 7H2O), copper starved (0 �M CuSO4 � 5H2O,
40 �M FeSO4 � 7H2O), and iron starved (50 �M
CuSO4 � 5H2O, 2 �M FeSO4 � 7H2O). The growth curves are
shown in Fig. 2, and the intracellular metal concentration of

the cells is shown in Fig. S2 of the supplemental material. The
growth rates, from an average of biological triplicates, deter-
mined for default, iron-starved, and copper-starved growth
conditions between 12 and 28 h of growth are 0.043 � 0.003
h�1, 0.014 � 0.003 h�1, and 0.052 � 0.002 h�1, respectively.
These values imply that the availability of iron affects the
growth of Methylocystis sp. strain M.

We then characterized the amount of extracellular flavins in
the spent medium isolated from three different stages of
growth. The samples used for quantitation were normalized
based on optical density measured at 600 nm. The dry weight
and cell length, normalized to the optical density, remained
unaffected by growth under different metal concentrations (see
Fig. S3 in the supplemental material). When cells were grown
under default conditions to early exponential phase (36 h),
they produced 0.050 � 0.003 �M flavins, compared to 0.048 �
0.003 �M produced by copper-starved cells and 0.054 � 0.003
�M produced by iron-starved cells. For cells grown to late
exponential phase (60 h), the iron-starved cells secreted
0.116 � 0.004 �M flavins compared to 0.056 � 0.004 �M and
0.053 � 0.001 �M secreted by cells grown under default and
copper-starved conditions, respectively. This trend was also
observed for cells grown to stationary phase (102 h) with
0.102 � 0.001 �M flavins produced by cells under default
growth conditions, 0.078 � 0.007 �M under copper-starved
conditions, and 0.145 � 0.003 �M under iron-starved condi-
tions (see Fig. S4 in the supplemental material). The cells
secreted approximately twice as much flavins when grown to
stationary phase. Interestingly, cells that are iron starved also
doubled the amount of secreted extracellular flavins during
late exponential growth compared to cells grown under default
growth conditions (see Fig. S4). These observations suggest
that the secretion of flavins is dependent on the growth stage
and iron availability.

To test this hypothesis, the amount of iron in the default
growth condition was increased 3-fold (50 �M CuSO4, � 5H2O,
120 �M FeSO4 � 7H2O). The cells produced reduced amounts
of flavins, 0.028 � 0.008 �M compared to 0.050 � 0.003 �M.
Increased secretion of flavins was also observed for Helico-
bacter pylori under iron starvation conditions (21), and flavin
secretion by Shewanella species is correlated with growth
stages and oxygen availability (19).

To determine if the secretion of flavins is common among
culturable methanotrophs, we performed similar analyses on
the spent media isolated from the type X methanotroph Meth-
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ylococcus capsulatus (Bath) and the type II methanotroph M.
trichosporium OB3b (Fig. 3). Interestingly, both M. trichospo-
rium OB3b and M. capsulatus (Bath) secreted flavins as well.

To confirm that the flavins detected did not result from cell
lysis, control experiments were performed to detect FAD,
which is primarily inside the cell (19). We detected negligible
amounts of FAD in M. trichosporium OB3b spent medium and
none in that from the other two methanotrophs, indicating that

FIG. 1. UV-visible (A) and fluorescence (B) spectra of extracellu-
lar compounds isolated from Methylocystis sp. strain M (solid lines)
compared to those from commercial pure FMN (dashed lines). Upon
excitation at 441 nm, the emission spectra were monitored between
450 and 700 nm.

FIG. 2. Growth curves of Methylocystis sp. strain M, grown under default (squares), copper-starved (circles), and iron-starved (triangle)
conditions. Data are represented in a semilogarithmic scale as averages and standard deviations of biological triplicates.

FIG. 3. Comparison of the DSC-18 elution profiles of extracellular
flavins (FMN and riboflavin) secreted under default growth conditions
by Methylocystis sp. strain M (A), M. trichosporium OB3b (C), and M.
capsulatus (Bath) (E). The peaks that elute at �16.7 min, �17.4 min,
and �18.2 min correspond to FAD (B), FMN (D), and riboflavin (F),
respectively. The small peak at �16.8 min in line C may be due to
contaminating cell lysis.
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the flavins in the spent growth medium are indeed secreted
(see Fig. S5 in the supplemental material).

To place extracellular flavins in the context of metal uptake
molecules such as siderophores and methanobactins (15, 22),
we performed assays to detect these compounds in meth-
anotrophic bacteria. Assays performed using Fe-chrome azurol
S (Fe-CAS) plates on the spent media isolated from Methylo-
cystis sp. strain M and M. capsulatus (Bath) grown under iron-
starved conditions indicate that they do not secrete sid-
erophores. M. trichosporium OB3b does secrete siderophores
(22) (see Fig. S6 in the supplemental material), however.
Methylocystis sp. strain M secretes methanobactin (see Fig. S7
in the supplemental material), and the purified copper-loaded
methanobactin from this species is similar to that isolated and
characterized from M. trichosporium OB3b (see Fig. S7) (4, 10,
14, 15).

Riboflavin is capable of metal coordination and in fact has a
higher affinity for iron than for any other metal in the Irving-
Williams series (1). FMN can bind iron and copper (see Fig. S8
in the supplemental material). In Shewanella species, flavins
are proposed to chelate iron (17) and to act as electron shuttles
that aid in an increased reduction of Fe(III) oxides into Fe(II)
for cellular usage and respiration (3, 6, 17, 19). In meth-
anotrophs, as with methanobactin for copper, extracellular fla-
vins may chelate iron and transfer electrons from surface re-
ductases to insoluble Fe(III) sources (2, 15, 16). To test if
extracellular flavins play a role in iron acquisition, experiments
comparing the effects of iron, Fe-FMN, or apo-FMN addition
to iron-starved Methylocystis sp. strain M were performed.
However, addition of apo-FMN or Fe-FMN did not alter the
growth rates (see Fig. S9 in the supplemental material).

In conclusion, our results suggest that extracellular flavins
may have a function distinct from those of methanobactin and
siderophores. Extracellular flavins may also play a role in the
reduction and chelation of other transition metals, such as
manganese (17). Discerning the explicit role(s) of extracellular
flavins in methanotrophs will require further investigation, and
the link between flavin secretion and metal ion homeostasis in
multiple bacteria as well as plants and yeasts (5, 20) represents
an important area for future research.
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