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The extensive development of transport and power-
generating industries is associated with an intense
extraction and use of fossil hydrocarbon fuels, such as
natural gas and oil, and leads to the ever-increasing pol-
lution of air, water, and land with hydrocarbons [1, 2].
This poses the problem of the rapid monitoring and effi-
cient control of hydrocarbon pollution in the environ-
ment.

Microbial populations possess a high potential
adaptability to unfavorable environmental conditions.
They have evolved unique metabolic systems that allow
them to utilize not only natural but also anthropogenic
(artificially produced) organic substances as sources of
carbon and energy [3]. The development of biotechnol-
ogies for the remediation of soils and water bodies
faces many problems, such as the search for hydrocar-
bon-degrading microorganisms and the determination
of conditions promoting the degradation of recalcitrant
pollutants [4].

The solution of these problems requires a simple
and rapid method for determining the efficiency of the
microbial utilization of hydrocarbon pollutants. This
can be done by monitoring the consumption of pollut-
ants used as the growth substrates and the formation of
the respective metabolites. One of the most ubiquitous
and universal microbial metabolites is carbon dioxide.
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However, to be employed for the monitoring of the
microbial degradation of petroleum hydrocarbons in
soil and water, the metabolic carbon dioxide of micro-
organisms must reliably be distinguished from the car-
bon dioxide produced in natural degradation processes,
such as the degradation of plant residues. There is evi-
dence that one of the parameters that can be used for the
evaluation of the microbial degradation of anthropo-
genically produced hydrocarbons in the environment is
the isotope composition of their carbon atoms [5–7].

As was shown earlier [8, 9], the metabolic carbon
dioxide of 

 

Candida

 

 yeasts grown on (C

 

19

 

–

 

C

 

23

 

) alkanes
contains 4 to 

 

7

 

‰ less of the isotope 

 

13

 

C than the
alkanes. As discussed previously [10], crude oil and its
products are characterized by values of 

 

δ

 

13

 

C ranging
from –32 to 

 

–26

 

‰. Consequently, the metabolic carbon
dioxide produced during the microbial oxidation of
petroleum products may have 

 

δ

 

13

 

C values ranging from
–36 to 

 

–30

 

‰ and, hence, may considerably differ in
this parameter from the carbon dioxide present in the
air and soils.

Modern biotechnologies for the remediation of pol-
luted soils and bodies of water widely employ
pseudomonads and corynebacteria, which are able to
oxidize many hydrocarbons at temperatures from 4 to

 

25°

 

C [11]. The fractionation of carbon isotopes by
these bacteria grown on particular hydrocarbons has
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Abstract

 

—The study deals with a comparative analysis of the relative abundances of the carbon isotopes 

 

12

 

C
and 

 

13

 

C in the metabolites and biomass of the 

 

Burkholderia

 

 sp. BS3702 and 

 

Pseudomonas

 

 

 

putida

 

 BS202-p
strains capable of utilizing aliphatic (

 

n

 

-hexadecane) and aromatic (naphthalene) hydrocarbons as sources of
carbon and energy. The isotope compositions of the carbon dioxide, biomass, and exometabolites produced dur-
ing the growth of 

 

Burkholderia

 

 sp. BS3702 on 

 

n

 

-hexadecane (

 

δ

 

13

 

C

 

 = –44.6 

 

±

 

 0.2

 

‰) were characterized by the
values of 

 

δ

 

13

 

 = –50.2 

 

±

 

 0.4

 

‰

 

, 

 

δ

 

13

 

C

 

biom

 

 = –46.6 

 

±

 

 0.4

 

‰, and 

 

δ

 

13

 

C

 

exo

 

 = –41.5 

 

±

 

 0.4

 

‰, respectively. The

isotope compositions of the carbon dioxide, biomass, and exometabolites produced during the growth of the
same bacterial strain on naphthalene (

 

δ

 

13

 

C

 

 = –21 

 

±

 

 0.4

 

‰) were characterized by the isotope effects 

 

δ

 

13

 

 =

–24.1 

 

±

 

 0.4

 

‰

 

, 

 

δ

 

13

 

C

 

biom

 

 = –19.2 

 

±

 

 0.4

 

‰, and 

 

δ

 

13

 

C

 

exo

 

 = –19.1 

 

±

 

 0.4

 

‰, respectively. The possibility of using the
isotope composition of metabolic carbon dioxide for the rapid monitoring of the microbial degradation of petro-
leum hydrocarbons in the environment is discussed.
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not yet been described, which hinders the use of the iso-
tope composition of metabolic carbon dioxide for mon-
itoring bacterial growth on petroleum products.

The aim of this work was to fill this gap.

MATERIALS AND METHODS

 

Bacterial strains and cultivation conditions. 

 

The
bacterial strains 

 

Burkholderia

 

 sp. BS3702 and

 

Pseudomonas putida

 

 BS202-p used in this work are
able to grow on both aliphatic and aromatic hydrocar-
bons [12]. In our experiments, we used the aliphatic
hydrocarbon 

 

n

 

-hexadecane (C

 

16

 

H

 

34

 

) and the aromatic
hydrocarbon naphthalene (C

 

10

 

H

 

8

 

) and their mixture (1 : 1)
as the growth substrates. The bacteria were grown in
sealed flasks containing 100 ml of a mineral medium
with 50–100 mg of a hydrocarbon substrate and 0.65 l
of air in the headspace.

 

Analysis of carbon and its isotope composition.

 

To assess carbon balance, the content of carbon was
determined in the initial substrate and in the metabolic
products of bacteria (biomass, exometabolites, and
metabolic carbon dioxide). The amounts of oxygen
consumed and carbon dioxide produced were estimated
from the composition of the gas phase in the cultivation
flasks before and after cultivation. The composition of
the gas phase (specifically, the content of nitrogen, oxy-
gen, argon, and carbon dioxide) was determined using
an MM8-80 (VG-Analytic Gas) mass spectrometer.

The carbon isotope composition of initial substrate
and metabolic products was analyzed using a CH-7
Varian two-channel mass spectrometer and expressed
in terms of 

 

δ

 

13

 

C values, defined as

 

(1)

 

where 

 

R

 

samp

 

 and 

 

R

 

std

 

 are the ratios of the abundances of

 

13

 

CO

 

2

 

 and 

 

12

 

CO

 

2

 

 in a sample and the PDB international
standard, respectively.

The isotope composition of carbon in hydrocarbons,
biomass, and exometabolites was determined after the
complete oxidation of these substances to water and
CO

 

2

 

 at 

 

560°

 

C in the presence of copper oxide as the cat-
alyst. The CO

 

2

 

 produced was analyzed for isotope com-
position as described above. Metabolic carbon dioxide
was isolated from the gas phase above microbial cul-
tures using low-temperature absorbents. The scheme of
experiments is presented in Fig. 1.

RESULTS AND DISCUSSION

 

Analysis of the metabolic products of 

 

Burkholde-
ria

 

 sp. BS3702 grown on naphthalene. 

 

Upon the com-
plete oxidation of naphthalene to CO

 

2

 

 and water
according to the reaction

 

(2)

δ13C Rsamp/Rstd 1–( ) 1000 ‰,×=

C10H8 12O2+ 10CO2 4H2O,+=

 

parameter 

 

Q

 

, defined as the ratio of the molar concen-
trations of carbon dioxide produced and oxygen con-
sumed, is equal to 

 

Q

 

theor

 

 = 0.83.

The experimental value of parameter Q calculated
for the naphthalene-grown Burkholderia sp. BS3702
from the data presented in Table 1 turned out to be
Qexp = 0.484 (during its cultivation, this strain con-
sumed 4.92 mmol O2 and produced 2.38 mmol CO2).
The difference between Qtheor and Qexp can be explained
by the fact that some oxygen consumed by the strain
was spent for the formation of biomass and exometab-
olites.

An analysis of the oxidation degree of exometabo-
lites (i.e., the proportion between carbon and oxygen
atoms in their molecules) can provide some informa-
tion on the metabolic pathways in which they were pro-
duced. The carbon balance of the Burkholderia sp.
BS3702 culture grown on naphthalene was as follows:
The medium was supplemented with 100 mg naphtha-
lene, i.e., 93.7 mg carbon (C). The CO2 produced (meta-
bolic CO2) and the biomass contained 28.8 and 6.8 mg C,
respectively. Some amount of C (namely, 33.3 mg)
remained in the cultivation medium in the form of non-
volatile compounds. It can easily be calculated that the
strain consumed 68.9 mg C, i.e., 73.5% of the carbon
present in the added naphthalene.

The oxygen balance was as follows: The strain con-
sumed 4.92 mmol O2 and incorporated 2.38 mmol O2
into the metabolic carbon dioxide, 0.28 mmol O2 into
the biomass, and no less than 2.66 mmol O2 into the
exometabolites. Thus, the strain spent 2.7 oxygen

Cultivation: medium + substrate + cells

Products analyzed after bacterial growth: biomass +
CO2 + exometabolites + residual substrate

CO2(gas) Biomass Supernatant

δ13ëCO2
, QCO2

δ13ëbiom, Qbiom δ13ëexo, Qexo

Fig. 1. Scheme of the experiment: δ13 , δ13Cbiom, and

δ13Cexo are the carbon isotope values and , Qbiom, and

Qexo are the carbon contents of metabolic carbon dioxide,
biomass, and exometabolites, respectively. 

CCO2

QCO2
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atoms per every 2.8 carbon atoms of exometabolites.
Consequently, their general formula must be CH2O,
which implies that Burkholderia sp. BS3702 grown on
naphthalene produces exometabolites predominantly in
the form of carbohydrates and/or organic acids, but not
alcohols.

Analysis of the metabolic products of Burkholde-
ria sp. BS3702 grown on n-hexadecane. Upon the
complete oxidation of n-hexadecane to CO2 and water
according to the reaction

(3)

the theoretical value of parameter Q is Qtheor = 0.653.

The experimental value of parameter Q calculated
for the n-hexadecane-grown Burkholderia sp. BS3702
from the data presented in Table 1 turned out to be
Qexp = 0.26 (during the cultivation on n-hexadecane,
this strain consumed 2.81 mmol O2 and produced
0.726 mmol CO2). The difference between Qtheor and Qexp
implies that some oxygen consumed by the strain was
spent on the formation of biomass and exometabolites.

The carbon balance of Burkholderia sp. BS3702
grown on n-hexadecane was as follows: The medium
was supplemented with 56.64 mg C of n-hexadecane.
The metabolic CO2 and the biomass contained 8.71 and

2C16H34 49O2+ 32CO2 34H2O.+=

10.25 mg C, respectively. The amount of C remaining
in the cultivation medium in the form of nonvolatile
compounds was 5 mg. It can easily be calculated that
the strain consumed 23.96 mg of carbon present in the
added n-hexadecane. The remaining 32.68 mg of the
n-hexadecane carbon may represent the carbon of the
unoxidized n-hexadecane and volatile exometabolites.

The oxygen balance was as follows: The strain con-
sumed 2.81 mmol O2 and incorporated 0.76 mmol O2
into the metabolic carbon dioxide, 0.42 mmol O2 into
the biomass, and no less than 1.66 mmol O2 into the
exometabolites. Thus, the strain spent no more than one
oxygen atom per every carbon atom of exometabolites.
Consequently, as in the case of Burkholderia sp.
BS3702 grown on naphthalene, this bacterium grown
on n-hexadecane produces exometabolites in the form
of carbohydrates and/or organic acids, but not alcohols.

It is known that bacteria grown on n-hexadecane
produce organic acids mainly in the tricarboxylic acid
(TCA) cycle, with the evolution of metabolic carbon
dioxide [13]. Based on the earlier observations [9], it
can be anticipated that the metabolic CO2 will be
depleted in the 13C isotope, whereas the biomass and
organic acids will be enriched in this isotope.

The isotope composition of the metabolic prod-
ucts produced from hydrocarbons. The results of the
isotopic analysis of metabolic products produced by
bacteria grown on naphthalene and n-hexadecane are
summarized in Tables 2 and 3. It can be seen that the
metabolic carbon dioxide produced by Burkholderia
sp. BS3702 grown on naphthalene contained 2.9‰ less
13C than naphthalene and 5‰ less 13C than the biomass
and the exometabolites (Table 2). The augmented con-
tent of the 13C isotope in the exometabolites confirms
the above suggestion that they are mainly keto acids,
since their formation is accompanied by the abstraction
of a CO2 group, which predominantly contains the 12C
isotope.

The same tendencies in the isotope composition
were observed for Burkholderia sp. BS3702 grown on
n-hexadecane (Table 3), except for minor differences
such as the greater depletion of the biomass in the 13C

Table 1.  The composition of the gas phase during the
growth of Burkholderia sp. BS3702 on naphthalene and
n-hexadecane

Gas

Growth on naphthalene (%) Growth
on n-hexadecane (%)

initial
content

final
content

initial
content

final
content

N2 78.15 85.65 78.15 84.20

O2 20.65 4.20 20.65 11.90

Ar 1.14 1.27 1.15 1.25

CO2 0.075 8.90 0.075 2.67

Note: Gas content is expressed as a percent.

Table 2.  The fractionation of carbon isotopes during the growth of Burkholderia sp. BS3702 on naphthalene

Parameter Substrate (initial) CO2 Biomass Exometabolites Substrate
consumed, %

Carbon content, mg 93.7 28.8 6.8 33.3 68.9

Value of δ13C, ‰ –21.2 –24.1 –19.2 –19.1

Table 3.  The fractionation of carbon isotopes during the growth of Burkholderia sp. BS3702 on n-hexadecane

Parameter Substrate (initial) CO2 Biomass Exometabolites Substrate
consumed, %

Carbon content, mg 56.64 8.71 10.25 25.0 43.96

Isotope effect δ13C, ‰ –44.6 –50.2 –46.6 –41.5 –
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isotope as compared with the exometabolites and
n-hexadecane. In general, the changes observed in the
carbon isotope composition of the n-hexadecane-grown
Burkholderia sp. BS3702 metabolites were similar to
those described for the yeast Candida lipolytica grown
on n-alkanes [9]. In particular, the metabolic carbon
dioxide of Burkholderia sp. BS3702 grown on n-hexa-
decane and C. lipolytica grown on n-alkanes contained,
respectively, 8.6 and 9.0‰ less 13C isotope than the
exometabolites of these microorganisms. Furthermore,
the biomasses of the bacterium and the yeast contained,
respectively, 2.0 and 2.2‰ less 13C isotope than the
substrates n-hexadecane and n-alkanes. These data sug-
gest that the fractionation of carbon isotopes in eukary-
otic (C. lipolytica) and prokaryotic (Burkholderia)
microorganisms is virtually the same. The enrichment
of microbial exometabolites in the 13C isotope is an
indication that they are mainly keto acids, whose for-
mation in the TCA cycle is associated with decarboxy-
lation reactions.

The growth of the other bacterium under study,
P. putida BS202-p, on naphthalene and n-hexadecane
was characterized by a similar distribution of carbon
isotopes, except that the degree of isotope fractionation
by the bacterium P. putida BS202-p was notably less
than in the case of Burkholderia sp. BS3702 (Table 4).

The carbon isotope composition of n-hexadecane
and naphthalene differed by 23.4‰, whereas the differ-
ence between the carbon isotope compositions of car-
bon dioxide produced by Burkholderia sp. BS3702
grown on these substrates reached 26‰, i.e., was 2.6‰
greater. In the case of P. putida BS202-p, the difference
between the carbon isotope compositions of carbon
dioxide produced from n-hexadecane and naphthalene
was 21.6‰, i.e., was 1.4‰ smaller than the difference
between the isotope compositions of these substrates.
These data allow the important inference to be made
that within the accuracy of the isotope effect accompa-
nying the formation of metabolic carbon dioxide (1.4–
2.6‰), the latter inherits the isotope composition of the
growth substrate. This implies that the microbial con-
sumption of individual substrates from their mixtures
can be monitored by analyzing the isotope composition
of metabolic carbon dioxide, provided that the sub-
strates differ in their isotope composition.

The feasibility of the proposed approach was con-
firmed in the following experiment with naphthalene
(δ13C = 21.2‰) and n-hexadecane (δ13C = –44.6‰).
The bacteria Burkholderia sp. BS3702 and P. putida
BS202-p were adapted to growth on the individual sub-
strate (either n-hexadecane or naphthalene) and then
transferred to the growth medium containing their mix-
ture (1 : 1). As follows from the analysis of the carbon iso-
tope composition of metabolic carbon dioxide (Fig. 2), the
growth patterns of the n-hexadecane-adapted and naph-
thalene-adapted Burkholderia sp. BS3702 cells on the
mixture of these hydrocarbons was virtually the same:
in both cases, the bacterium first consumed naphthalene

and then n-hexadecane. At the same time, the growth
pattern of P. putida BS202-p cells on the hydrocarbon
mixture depended on the substrate to which these cells
were preadapted. Namely, when the inoculum was

Table 4.  Variations in the carbon isotope composition of the
metabolic carbon dioxide produced by the bacteria grown on
naphthalene and n-hexadecane

Bacterial strain δ13C, ‰ δ13C, ‰
(substrate)

Burkholderia sp. 
BS3702

–21.2
(naphthalene)

Burkholderia sp. 
BS3702

–44.6
(n-hexadecane)

P. putida BS202-p –21.2
(naphthalene)

P. putida BS202-p –44.6
(n-hexadecane)

Note: Data are the means of four independent measurements.

24.4–( )23.4–
23.9–

--------------------------------

50.4… 48.6–( )–
49.5–

-----------------------------------------

23.5–23.15( )–
23.3–

-----------------------------------

47.9–43.9( )–
45.9–

--------------------------------

–21

1

δ13C, ‰

Cultivation time, days

1

2

3

4

–22

–23

–24

–25

–26
2 3 4 50

Fig. 2. Changes in the isotope composition of the metabolic
carbon dioxide produced during the growth of bacteria on a
mixture (1 : 1) of naphthalene and n-hexadecane. The culti-
vation medium was inoculated either with P. putida BS202-p
cells grown on (1) n-hexadecane and (2) naphthalene or
with Burkholderia sp. BS3702 cells grown on (3) naphtha-
lene and (4) n-hexadecane. 
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grown on naphthalene, the P. putida BS202-p culture
incubated in the medium with the hydrocarbon mixture
first consumed naphthalene and then n-hexadecane.
But when the inoculum was grown on n-hexadecane,
the P. putida BS202-p culture incubated in the medium
with the hydrocarbon mixture consumed both naphtha-
lene and n-hexadecane at the same time. As is evident
from the analysis of the isotope composition of meta-
bolic carbon dioxide, the switching of bacterial metab-
olism from one substrate to the other was not abrupt in
all cases.

To conclude, the analysis of the carbon isotope com-
position of metabolic carbon dioxide (expressed as the
δ13C value, ‰) allows the observation of the consump-
tion dynamics of individual hydrocarbons from hydro-
carbon mixtures, provided that the hydrocarbons differ
in isotope composition. This approach can obviously be
used not only in the laboratory but also in environmen-
tal studies.

ACKNOWLEDGMENTS

This work was supported by a grant within the scope
of the Russian federal scientific and technical program
“Innovative Methods in Biotechnology,” the “Biotech-
nology of Protecting the Environment from Anthropo-
genic Impact” subprogram, project 501-7(00)H-A1.

REFERENCES

1. Khalil, M.A.K. and Rasmussen, R.A., Atmospheric
Methane: Recent Global Trends, Environ. Sci. Technol.,
1990, vol. 24, pp. 549–553.

2. Swoboda-Coldberg, N.G., Chemical Contamination of
the Environment: Sources, Types, and Fate of Synthetic
Organic Chemicals, Microbial Transformation and Deg-
radation of Toxic Organic Chemicals, Young, L.Y. and
Cerniglia, C.E., Eds., Wiley-Liss, 1995, pp. 27–74.

3. Hill, E.C., Biodegradation of Petroleum Products, Petro-
leum Microbiology, Atlas, R., Ed., New York: Mac
Millan, 1984, pp. 579–617.

4. Head, I.M., Bioremediation: Towards a Credible Technol-
ogy, Microbiology (UK), 1998, vol. 144, pp. 599–608.

5. Aggarwal, P.K. and Hinchee, R.E., Monitoring In Situ
Biodegradation of Hydrocarbon Using Stable Carbon Iso-
topes, Environ. Sci. Technol., 1991, vol. 25, pp. 1179–1180.

6. Jackson, A.W., Pardue, J.H., and Araujo, R.A., Monitor-
ing of Crude Oil Mineralization in Salt Marshes: Use of
Stable Carbon Isotope Ratios, Environ. Sci. Technol.,
1996, vol. 30, pp. 1139–1144.

7. Aggarwal, P.K., Fuller, M.E., Gurgas, M.M., Man-
ning, J.F., and Dillon, M.A., Use of Stable Isotope Anal-
ysis for Monitoring the Pathways and Rates of Intrinsic
and Enhanced In Situ Biodegradation, Environ. Sci.
Technol., 1997, vol. 31, pp. 590–596.

8. Zyakun, A.M., Bondar’, V.A., Bezruchko, V.V., and
Shkidchenko, A.N., The Separation of Carbon Isotopes
by Heterotrophic Microorganisms Grown on n-Alkanes,
Mikrobiologiya, 1986, vol. 55, no. 6, pp. 953–957.

9. Zyakun, A.M., Zakharchenko, V.N., Sysoeva, V.I.,
Shishkanova, N.V., Pechenkin, N.A., Bondar’, V.A.,
Vinokurova, N.G., and Ermakova, I.T., The Fraction-
ation of Carbon Isotopes by the Yeast Candida lipolytica
Grown on Paraffin under Thiamine Deficiency, Mikro-
biol. Zh., 1989, vol. 51, no. 3, pp. 5–11.

10. Galimov, E.M., Izotopy ugleroda v neftegazovoi geologii
(Carbon Isotopes in the Gas and Oil Geology), Moscow:
Nedra, 1973.

11. Whyte, G., Bourboniere, L., and Greer, C.W., Biodegra-
dation of Petroleum Hydrocarbons by Psychrotrophic
Pseudomonas Strains Possessing Both Alkane (alk) and
Naphthalene (nah) Catabolic Pathways, Appl. Environ.
Microbiol., 1997, vol. 63, no. 9, pp. 1719–1723.

12. Balashova, N.V., Kosheleva, I.A., Golovchenko, N.P.,
and Boronin, A.M., Phenanthrene Metabolism by
Pseudomonas and Burkholderia Strains, Process Bio-
chem., 1999, vol. 35, pp. 291–296.

13. Schlegel, H.G., Allgemeine Mikrobiologie, 6th ed., Stut-
tgart: Georg Thieme, 1985. Translated under the title
Obshchaya mikrobiologiya, Moscow: Mir, 1987. 


