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Abstract. Growth of cells Methylococcus capsulatus (strain M) under deficiency and exposure to
various concentration of copper (concentration range 0-100 μМ) in the culture media was studied.
Morphocytological analysis has shown that the excess of copper ions is accumulated as granules
concentrated near the cell surface and in the cytoplasm. Growth of M. capsulatus (М) cells under
copper-excess (60-100 μМ) growth conditions is also accompanied by increase of methanobactin
secretion into the growth medium which binding excess of copper. Another maximum methanobactin
secretion into the growth medium is observed when copper is present at low concentrations in the
growth medium (up to 10 μМ) which provides the cell with the essential copper.
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Introduction
Microorganisms are known to accumulate
and assimilate toxic, radioactive, and noble metals
from solutions. Depending on metabolism and
specificity of certain chemical species, this
process can also lead to the synthesis of
nanoparticles. In particular, cyanobacteria
Spirulina platensis and Nostoc linckia are known
for their ability to synthesize silver nanoparticles
[1]. In order to establish the promising strains for
environmental remediation of metal ions, the
ability of microorganisms to accumulate heavy
metals should be investigated and, also, the
studies of toxic effects of metal ions on living
microorganisms should be considered.
Methane-oxidizing bacteria, also known as
methanotrophs, may be promising bacteria for
environmental bioremediation. Methanotrophs
can exist in a variety of habitats and found in a
wide range of pH, salinity, temperature, oxygen
concentrations, heavy metal concentrations, and
radiation [2,3]. Methanotrophs activate the tough
C-H bond in methane which they use as a carbon
and energy source. This reaction is catalyzed by a
unique enzyme – methane monooxygenase
(MMO), which is known to exist in two forms:
soluble (sMMO) and particulate (pMMO), both of
which are multi-component enzymes.
Methanotrophs are of scientific interest due
to their potential applications in bioconversion
and processes of biosorption, bioaccumulation
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and bioremediation of various heavy metals. It has
been suggested that methanotrophs also influence
the speciation and bioavailability of metals in the
environment [3,4]. It is known about the reductive
transformation of soluble and more toxic Cr(VI)
into a less toxic insoluble Cr(III) species by well
characterized
model
of
methanotroph
Methylococcus capsulatus (Bath) [5]. Another
reason
to
employ
methanotrophs
for
bioremediation of contaminated ecosystems is
their ability to degrade several toxic compounds,
which they use as a carbon source. For example,
ММО synthesized by Methylosinus trichosporium
OB3b, can oxidize not only methane, but also a
wide range of aliphatic, aromatic and alicyclic
hydrocarbons, and their chloride derivatives [6].
Copper has a central place in the
metabolism of methanotrophs. In order to satisfy
their high requirements for copper, methanotrophs
synthesize methanobactins (Mbs) that are the new
type of metal-binding peptides. Mbs are lowmolecular-weight (<1200 Da) chalkophores,
expressed and secreted in response to copper
decrease in the growth medium [7]. Mbs extracted
from several methanotrophs, consist of nitrogencontaining heterocycles conjugated with the
neighboring thioamide groups, thus forming
copper-binding ligands [8]. All Mbs exhibit a high
affinity for copper, which could find practical
implementation [7]. It was shown that Mb
synthesized by Methylosinus trichosporium OB3b
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can bind metals other than Cu(I,II), such as Ag(I),
Au(III), Co(II), Cd(II), Fe(III), Hg(II), Mn(II),
Ni(II), Pb(II), U(VI), and Zn(II), however, with
the lower binding constants as compared to Cu(II)
[9]. At the present time, Mb isolated from M.
capsulatus (М) is known to bind Fe(III) and
Zn(II), as well as Cu(II) [10]. Therefore, Mb
could potentially play a critical role for the
successful use of methanotrophs in detoxification
of metal-polluted site. In this regard, we aimed to
study the effects of different copper
concentrations on the growth of methaneoxidizing bacteria, Methylococcus capsulatus
(М), and on expression of Mb in order to highlight
the bioremediation potential of methanotrophs.
Experimental
M. capsulatus (М) cells were cultivated
under continuous flow conditions in the Ankum
2М fermenter (Russia) in a standard mineral
medium, at 42ºС, рН=5.6, containing different
CuSO4
concentrations,
as
was
described before [11]. Growth kinetics was
assessed through measuring changes in the values
of absorbance at 600 nm using a
spectrophotometer KFK-3-01-ZOMZ (Russia).
Mb concentration in the supernatant
fraction, obtained after cells precipitation by
centrifugation at 6000 g for 30 min using an
OPN-8 centrifuge (Kyrgyzstan), was measured
spectrophotometrically at 394 nm (which is one of
the Mb’s absorption maxima). Mb concentration
was also determined using gravimetric methods
[12]. The supernatant fluid remaining after cells
precipitation was concentrated 10-20 times using
rotor vaporizer Buchi (Switzerland). Mbs were
extracted through liquid chromatography on
Diaion HP20 [13]. The samples were then
lyophilized and weighed.
Biomass was determined by drying a fixed
volume of cells culture to constant mass.
Sample preparation for electron microscopy
(JEM-100B, Japan) and the analysis itself were
completed as described before [14]. Previously
concentrated cells suspension was incubated in
sodium sulphide at рН 7.5 for 20-30 min (control
– incubation in the absence of sodium sulphide).
The cells were washed in 0.25 M sodium
phosphate buffer (рН 7.2), dehydrated in ethanol,
and then embedded in epoxy resin.
Results and discussion
We studied the effect of copper ions on M.
capsulatus (М) growth kinetics using continous
flow cultivation under different CuSO4
concentrations in nutrient medium. The

experiments showed that the bacterial specific
growth rate is dependent on the copper content in
the growth medium. Different growth rates of M.
capsulatus (М) cells under different copper
conditions are observed even in the initial sections
of the growth curves (Figure 1).

Figure 1. Growth curves of M. capsulatus (М) at
different copper concentrations in the
growth medium.

At low-copper content in growth medium
(0÷5 μМ) the stationary growth phase occurs in
several hours. The increase of copper
concentration in growth medium up to 40 μМ
induces a brisk growth of the cellular culture,
these are the optimal copper concentrations.
Further increase of copper concentration above
40 μМ leads to inhibition of the M. capsulatus
(М) cells growth. For M. capsulatus (М) cells,
copper LD50 value is 4.9 mg/L (copper
concentration in growth medium within which
specific growth rate is decreased by the factor
2 - ½μ). Copper concentration of 12 μg/L, which
corresponds to 0.19 μМ, is widely used in
ecotoxicological experiments aimed to assess this
metal genotoxicity [15,16]. It can be suggested,
that bacteria M. capsulatus (М) possess
copper-tolerance.
Microorganisms have evolved various
mechanisms of metal-resistance such as active
efflux pumping of the toxic metal out of the
cell, a decrease in metal uptake due to
changes in cell permeability, intracellular and
extracellular metal binding with its further
detoxification, enzymatic conversion to a less
toxic form [17].
In order to study the M. capsulatus (М)
metal-resistance mechanism, a series of electron
microscopic examinations of the said bacteria
culture was conducted to determine cells
morphology at different copper concentrations in
growth medium (Figure 2).
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At the copper concentration that favours
fastest specific growth rate of the studied culture
and those below it (≤ 40 μМ) no structural
changes in M. capsulatus (М) cells are observed
(Figure 2а). Cells are cocci (within 1 μm) and
diplococci. Prevalence of the latter is observed in
cultures growing in conditions close to optimal,
whereas the former, having dark cytoplasm (as
displayed by phase contrast microscopy)
dominate (up to 95%) under nonsterile conditions.
A well-developed network of internal cytoplasmic
membranes with localized pMMO is present. At
copper concentrations 1.5 times higher than
optimal, electron-dense intracellular inclusions
are found, which are nonmetabolized copper
spread throughout cytoplasm in nanoscale
granules (Figure 2b). Metal ions entering the
bacteria cell cytoplasm can be complexed by
inorganic anions. It is possible, that copper is
accumulated in sulphides, as it happens in
Mycobacterium scrofulaceum cells [18]. After
further increase in copper concentration in the
medium (up to 100 μМ), electronic
microphotographs show copper sorption on the
cell wall with copper at the same time being
present in cells cytoplasm (Figure 2c). Copper
adsorption on the surface of M. capsulatus (М)
occurs by binding with the cell wall and
cytoplasmic membrane. Changes taking place in
M. capsulatus (М) cells at elevated copper
concentrations (≥100 µM) are mostly concerned
with the cells morphology. During M. capsulatus
(М) cultivation, an increase in cell size is
observed (Figure 2c), which is concerned with the
suppression of cell division. M. capsulatus (М)
metal-resistance is provided by sorption and
intracellular copper accumulation through
complexation with microorganisms’ biomass.
Accumulation of Cu(II) in the periplasmic space
and outer membrane was, also, observed in
bacteria Pseudomonas syringae [19].
Generally, heavy metal ions are transferred
into the cells through the active transport
mechanisms. For copper uptake, some
methanotrophs synthesize a low-molecular
copper-binding peptide - Mb [7]. It is
known, that Mb contributes to the growth of
methane-oxidizing
bacteria,
and
its
biosynthesis depends on the concentration of
copper in the growth medium. However, not all
methanotrophs can synthesize Mb [20].
We extracted such low-molecular peptide from
M. capsulatus (М) [11,13].
Maximum Mb (extracted from M.
capsulatus (М) as well as another studied bacteria
culture) secretion into the growth medium is
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observed when copper is present in the nutrient
medium in low concentrations (up to 10 μМ)
(Figure 3), in this conditions, Mb molecules exist
in copper-free form.

(a)

(b)

(c)

Figure 2. Morphocytological features of
M. capsulatus (М) cells at different copper
concentrations in growth medium:
(a) – 40 μМ, (b) – 60 μМ, (c) – 100 μМ.

Figure 3. Extracellular methanobactin content (▀)
and M. capsulatus (М) biomass level (▲) at
different copper concentrations in growth medium.

At optimal copper concentrations (40 μМ),
there is a decrease in Mb content in the growth
medium. At this point, intracellular Mb
concentration is 23-35 mg/L. However, in case of
copper concentrations above the optimal
concentrations, Mb secretion into the growth
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medium is increased; in this case, Mb exist in
copper-complexed form. Copper detoxification
occurs through the metal binding, which allows
the growth of M. capsulatus (М) biomass
(biomass level is maintained). At 60-100 μМ
concentrations of copper in the growth medium,
were identified intracellular inclusions in the
cytoplasm of M. capsulatus (М) cells (Figure 2b),
and the binding with cytoplasmic membrane is
triggered (Figure 2c). Production of high
concentrations of Mb protects the methanotrophs
as well as other microorganisms from copper and
most transition metals by binding them. Also,
metal complexation by Mb provides the cell with
the essential metals (lack of which the cell may
currently experience) but, moreover, neutralizes
excess amounts of these metals in the nutrient
medium. In addition, solubilisation of copper and
other metals by Mb decreases their toxicity with
regard to other ecosystem components.
Thus, one of the mechanisms of
interactions between heavy metal ions and
methanotrophs are biosorption of heavy metals
and/or binding by Mb, as in the case of copper.
The study of the influence of other heavy metals
on methanotrophs is the object of further research.
Conclusions
The bioremediation of metal ions using
methanotrophs is still at initial stage of study.
Microbial-based bioremediation of heavy metals
can be performed by detoxification of metals
through their conversion to less toxic or less
soluble form. Our results showed that higher
concentrations of copper (60-100 μM) lead to
copper biosorption by the bacteria M. capsulatus
(M) in the cytoplasm and on the cell surface from
the environments. It was shown for the first time
that at high concentrations of copper ions in the
growth medium of M. capsulatus (M) an increase
of Mb expression in the growth medium is
observed. Thus, the use of methanotrophs in
bioremediation of copper and other metals from
polluted
site
could
be
an
emerging
biotechnology tool.
Acknowledgments
This work was performed according to state
task of Federal Agency for Scientific
Organizations of Russian Federation (No. 00892014-0006).
References
1. Cepoi, L.; Rudi, L.; Chiriac, T.; Valuta, A.;
Zinicovscaia, I.; Duca, Gh.; Kirkesali, E.;
Frontasyeva, M.; Culicov, O.; Pavlov, S.;
Bobrikov, I. Biochemical changes in cyanobacteria

during the synthesis of silver nanoparticles.
Canadian Journal of Microbiology, 2015, 61(1),
pp. 13–21. DOI: 10.1139/cjm-2014-0450.
2. Barcena, T.G.; Yde, J.C.; Finster, KW. Methane
flux and high-affinity methanotrophic diversity
along the chronosequence of a receding glacier in
Greenland. Annals of Glaciology, 2010, 51,
pp. 23–31.
3. Pandey, V.C.; Singh, J.S.; Singh, D.P.; Singh, R.P.
Methanotrophs:
promising
bacteria
for
environmental
remediation.
International
Journal of Environmental Science and Technology,
2014, 11(1), pp. 241–250.
DOI: 10.1007/s13762-013-0387-9.
4. Jenkins, M.B.; Chen, J.H.; Kadner, D.J.; Lion,
L.W. Methanotrophic bacteria and facilitated
transport of pollutants in aquifer material. Applied
and Environmental Microbiology, 1994, 60(10),
pp. 3491–3498.
5. Hasin, A.A.L.; Gurman, S.J.; Murphy, L.M.; Perry,
A.; Simth, T.J.; Gardiner, P.H.E. Remediation of
chromium (VI) by a methaneoxidizing bacterium.
Environmental Science and Technology, 2010, 44,
pp. 400–405. DOI: 10.1021/es901723c.
6. Higgins, I.J.; Best, D.J.; Hammond, R.C. New
findings in methane-utilizing bacteria highlight
their importance in the biosphere and their
commercial potential. Nature, 1980, 286,
pp. 561–564. DOI: 10.1038/286561a0.
7. DiSpirito, A.A.; Semrau, J.D.; Murrell, J.C.;
Gallagher, W.H.; Dennison, C.; Vuilleumier, S.
Methanobactin and the link between copper and
bacterial methane oxidation. Microbiology and
Molecular
Biology
Reviews,
2016,
80,
pp. 387–409. DOI: 10.1128/MMBR.00058-15.
8. Kenney, G.E.; Goering, A.W.; Ross, M.O.; DeHart,
C.J.; Thomas, P.M.; Hoffman, B.M.; Kelleher,
N.L.; Rosenzweig, A.C. Characterization of
methanobactin from Methylosinus sp. LW4. Journal
of the American Chemical Society, 2016, 138,
pp. 11124–11127. DOI: 10.1021/jacs.6b06821.
9. Choi, D.W.; Do, Y.S.; Zea, C.J.; McEllistrem,
M.T.; Lee, S.-W.; Semrau, J.D.; Pohl, N.L.;
Kisting, C.J.; Scardino, L.L.; Hartsel, S.C.; Boyd,
E.S.; Geesey, G.G.; Riedel, T.P.; Shafe, P.H.;
Kranski, K.A.; Tritsch, J.R.; Antholine W.E.;
DiSpirito, A.A. Spectral and thermodynamic
properties of Ag(I), Au(III), Cd(II), Co(II), Fe(III),
Hg(II), Mn(II), Ni(II), Pb(II), U(IV), and Zn(II)
binding by methanobactin from Methylosinus
trichosporium OB3b. Journal of Inorganic
Biochemistry, 2006, 100, pp. 2150–2161. DOI:
https://doi.org/10.1016/j.jinorgbio.2006.08.017.
10. Avdeeva, L.V.; Goryachev, S.N.; Gvozdev, R.I.
Spectra-fluorescent properties of methanobactin
from Мethylococcus capsulatus (strain М). Acta
Naturae, 2016, SI(2), p. 95, (in Russian).
11. Avdeeva, L.V.; Tukhvatullin, I.A.; Gvozdev, R.I.

Optimization

cultivation

of

bacteria

Methylococcus capsulatus (М) for production
methanobactin. Natural and Technical Sciences,
2015, 11, pp. 132–136, (in Russian).
113

L. Avdeeva and R. Gvozdev / Chem. J. Mold., 2017, 12(1), 110-114
12. Choi, D.W.; Bandow, N.L.; McEllistrem, M.T.;
Semrau, J.D.; Antholine, W.E.; Hartsel, S.C.;
Gallagher, W.; Zea, C.J.; Pohl, N.L.; Zahn, J.A.;
DiSpirito, A.A. Spectral and thermodynamic
properties
of
methanobactin
from
γ-proteobacterial methane oxidizing bacteria: a case
for
copper
competition
on
a
molecular level. Journal of Inorganic Biochemistry,
2010,
104,
pp.
1240–1247.
DOI:
https://doi.org/10.1016/j.jinorgbio.2010.08.002.
13. Avdeeva, L.; Tukhvatullin, I.; Gvozdev, R.
Isolation and purification of methanobactin from
Methylococcus capsulatus (M). The FEBS Journal,
2013, SI(280), pp. 101–102.
14. Gvozdev, R.I.; Tukhvatullin, I.A.; Tumanova, L.V.
Purification and properties of membrane-bound
methane
hydroxylase
from
Methylococcus
capsulatus (strain M). Biology bulletin, 2008,
35(2), pp. 161–169.
15. Al-Subiai, S.N.; Moody, A.J.; Mustafa, S.A.; Jha,
A.N.
Amultile
biomarker
approach
to
investigate the effects of copper on the marine
bivalve
mollusc,
Mytilus
edulis.
Ecotoxicology and Environmental Safety, 2011,
74(7),
pp.
1913–1920.
DOI:
https://doi.org/10.1016/j.ecoenv.2011.07.012.
16. Fadeeva, Yu.; Kavun, V.; Slobodskova, V.;
Chelomin, V. Effects of nanoparticles and ions

114

copper on the formation products of lipid
peroxidation in organs mussels Crenomytilus
grayanus (Dunker, 1853) (Bivalvia: Mytilidae)
under laboratory conditions. Bulletin of Moscow
State Regional University. Series: Natural sciences,
2016, 3, pp. 74–83. (in Russian).
17. Alekseyeva, N.T.; Anisimov, D.A.; Khomenko,
V.A.; Kalmykova, Y.N.; Beleneva, I.A.;
Shevchenko, L.S. Altered membrane protein and
lipopolysaccharides
in
cadmium-tolerant
pseudomonads. Biologicheskie membrany, 1991,
8(8), pp. 800–804.
18. Bruins, M.R.; Kapil, S.; Oehme, F.W. Microbial
resistance
to
metals
in
the
environment. Ecotoxicology and Environmental
Safety, 2000, 45(3), pp. 198–207.
DOI: https://doi.org/10.1006/eesa.1999.1860.
19. Edwards C. Ed. Microbiology of extreme
environments. Open University Press: Philadelphia,
1990, pp. 178–210.
20. Khmelenina, V.N.; Rozova, O.N.; But, C.Yu.;
Mustakhimov, I.I.; Reshetnikov, A.S.; Beschastnyi,
A.P.; Trotsenko, Yu.A., Biosynthesis of secondary
metabolites in methanotrophs: biochemical and
genetic aspects (Review). Applied Biochemistry
and Microbiology, 2015, 51(2), pp. 150–158.
DOI: 10.1134/S0003683815020088.

