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Abstract—The study deals with a comparative analysis of the relative abundances of the carbon isotopes '>C

and 13C 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 (8'3C = —44.6 + 0.2%o) were characterized by the
values of 8 Ccp, =—50.2 £ 0.4%o, 3°Cpjo = —46.6 £ 0.4%o, and §"°C,, = —41.5 £ 0.4%o, respectively. The

isotope compositions of the carbon dioxide, biomass, and exometabolites produced during the growth of the
same bacterial strain on naphthalene (3'°C = —21 £ 0.4%o) were characterized by the isotope effects 6 Cqo, =

—24.1 £ 0.4%o, 8"3Cy; o = —19.2 £ 0.4%0, and 8'3C,,, = —19.1 % 0.4%o, 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.

Key words: naphthalene, n-hexadecane, Burkholderia sp., Pseudomonas putida, fractionation of carbon iso-
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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 gasand oil, and leadsto the ever-increasing pol-
lution of air, water, and land with hydrocarbons [1, 2].
This posesthe 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 systemsthat 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
microbia 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. Thereis evi-
dencethat one of the parametersthat can be used for the
evaluation of the microbial degradation of anthropo-
genically produced hydrocarbonsin 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,,—C,;) akanes
contains 4 to 7%o less of the isotope '*C than the
alkanes. As discussed previously [10], crude oil and its
products are characterized by values of 3'*C ranging
from —32 to—26%o.. Consequently, the metabolic carbon
dioxide produced during the microbial oxidation of
petroleum products may have 3'*C values ranging from
—36 to —30%0 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

0026-2617/03/7205-0592$25.00 © 2003 MAIK “Nauka /Interperiodica’



THE USE OF THE [C]/[**C] RATIO

not yet been described, which hindersthe use of theiso-
tope composition of metabolic carbon dioxide for mon-
itoring bacterial growth on petroleum products.

The aim of thiswork wasto 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,4H,,) and the aromatic
hydrocarbon naphthalene (C,,Hy) 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 |
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 &'*C values, defined as

3°C = (Rymp/Reg— 1) % 1000, %o (1)

where Ry, and Ryy are the ratios of the abundances of
13CO, and *2C0O, in asample and the PDB international
standard, respectively.

Theisotope composition of carbon in hydrocarbons,
biomass, and exometabolites was determined after the
complete oxidation of these substances to water and
CO, at 560°C in the presence of copper oxide asthe cat-
alyst. The CO, produced was analyzed for i sotope com-
position as described above. Metabolic carbon dioxide
was isolated from the gas phase above microbia cul-
tures using low-temperature absorbents. The scheme of
experimentsis presented in Fig. 1.

RESULTS AND DISCUSSION

Analysis of the metabolic products of Burkholde-
riasp. BS3702 grown on naphthalene. Upon the com-
plete oxidation of naphthalene to CO, and water
according to the reaction

CyoHg + 120, = 10CO, + 4H,0, ©)
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Cultivation: medium + substrate + cells

Products analyzed after bacterial growth: biomass +
CO, + exometabolites + residua substrate

CO,(gas) Biomass Supernatant

13 13
g Cbiom» Qbiom g Cexo’ Qexo

13
8Cco, Qco,

Fig. 1. Scheme of the experiment: 3'*Cg , 8"*Cpony, and

3"3Ceyo arethe carbon isotope valuesand Qe Quiom: and

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

parameter Q, defined as the ratio of the molar concen-
trations of carbon dioxide produced and oxygen con-
sumed, is equal to Qyr = 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 O, and produced 2.38 mmol CO,).
The difference between Qe and Qgy, 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 pathwaysin which they were pro-
duced. The carbon baance 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 CO, produced (meta-
bolic CO,) 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 O, and incorporated 2.38 mmol O,
into the metabolic carbon dioxide, 0.28 mmol O, into
the biomass, and no less than 2.66 mmol O, into the
exometabolites. Thus, the strain spent 2.7 oxygen
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Table1l. The composition of the gas phase during the
growth of Burkholderia sp. BS3702 on naphthalene and
n-hexadecane

Growth
Growth on naphthalene (%) on n-hexadecane (%)
Gas
initial fina initial final
content content content content
N, 78.15 85.65 78.15 84.20
0, 20.65 4.20 20.65 11.90
Ar 1.14 1.27 1.15 1.25
CO, 0.075 8.90 0.075 2.67

Note: Gas content is expressed as a percent.

atoms per every 2.8 carbon atoms of exometabolites.
Consequently, their general formula must be CH,0,
which implies that Burkholderia sp. BS3702 grown on
naphthal ene produces exometabolites predominantly in
the form of carbohydrates and/or organic acids, but not
alcohols.

Analysis of the metabalic products of Burkholde-
ria sp. BS3702 grown on n-hexadecane. Upon the
compl ete oxidation of n-hexadecane to CO, and water
according to the reaction

2C,Ha, + 490, = 32CO, + 34H,0. 3)

the theoretical value of parameter Q is Qe = 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
Qe = 0.26 (during the cultivation on n-hexadecane,
this strain consumed 2.81 mmol O, and produced
0.726 mmol CO,). The difference between Qe and Qe
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 CO, and the biomass contained 8.71 and
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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 O, and incorporated 0.76 mmol O,
into the metabolic carbon dioxide, 0.42 mmol O, into
the biomass, and no less than 1.66 mmol O, 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 exometabalites 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 CO, will be
depleted in the 1*C isotope, whereas the biomass and
organic acids will be enriched in this isotope.

The isotope composition of the metabolic prod-
ucts produced from hydrocar bons. 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 naphthal ene contained 2.9%o less
13C than naphthal ene and 5%. less '3C 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 CO, group, which predominantly contains the °C
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 2. Thefractionation of carbon isotopes during the growth of Burkholderia sp. BS3702 on naphthalene

L ; ; Substrate
Parameter Substrate (initial) CO, Biomass Exometabolites consumed, %
Carbon content, mg 93.7 28.8 6.8 33.3 68.9
Value of 3'3C, %o -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

N . . Substrate
Parameter Substrate (initial) CO, Biomass Exometabolites consumed, %
Carbon content, mg 56.64 8.71 10.25 25.0 43.96
I sotope effect '3C, %o —44.6 -50.2 —46.6 —-415 -
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isotope as compared with the exometabolites and
n-hexadecane. In general, the changes observed in the
carbon i sotope 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 3C isotope than the
exometabolites of these microorganisms. Furthermore,
the biomasses of the bacterium and the yeast contained,
respectively, 2.0 and 2.2%. less 3C isotope than the
substrates n-hexadecane and n-alkanes. These data sug-
gest that the fractionation of carbon isotopesin eukary-
otic (C. lipolytica) and prokaryotic (Burkholderia)
microorganisms is virtually the same. The enrichment
of microbial exometabolites in the 3C isotope is an
indication that they are mainly keto acids, whose for-
mation in the TCA cycleis 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%o, whereas the differ-
ence between the carbon isotope compositions of car-
bon dioxide produced by Burkholderia sp. BS3702
grown on these substrates reached 26%.o, i.€., was 2.6%o
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%o, 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%0), 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
(013C = 21.2%0) and n-hexadecane (8"°C = —44.6%o).
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). Asfollowsfrom theanalysis 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 naphthal ene
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Table 4. Variationsin the carbon isotope composition of the
metabolic carbon dioxide produced by the bacteria grown on
naphthal ene and n-hexadecane

. . 13 613C, %O
Bacteria strain 0™°C, %o (substrate)

Burkholderia sp. —(24.4-)234 -21.2
BS3702 -23.9 (naphthalene)
Burkholderiasp. | =(50.4... —48.6) —44.6
BS3702 —495 (n-hexadecane)

. —(23.5-23.15) -21.2
P. putida BS202-p ~ 33 (naphthalene)

. —(47.943.9) —44.6
P. putida BS202-p ——mE9 (n-hexadecane)

Note: Data are the means of four independent measurements.

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

313C, %o
21 r
22+
23+
4
24t 3
i 2
25+
\/\ ]
_26 1 1 1 1 1
0 1 2 3 4 5

Cultivation time, days

Fig. 2. Changesin the i sotope composition of the metabolic
carbon dioxide produced during the growth of bacteriaon a
mixture (1 : 1) of naphthalene and n-hexadecane. The cullti-
vation medium wasinoculated 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
0!3C value, %o) allows the observation of the consump-
tion dynamics of individual hydrocarbons from hydro-
carbon mixtures, provided that the hydrocarbons differ
inisotope composition. Thisapproach can obviously be
used not only in the laboratory but also in environmen-
tal studies.
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