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INTRODUCTION

Env1ronmental pollution by chromium is w1despread in soils, sediments and
groundwaters.' Being a transition element, it occurs in a number of oxidation states
from Cr(II) to Cr(VI). However, only two stable, trivalent and hexavalent, species
are significant in environmental systems. Hexavalent chromium compounds are
highly soluble and toxic.? Epidemiological, animal and cellular studies have also
established that Cr(VI) compounds are carcinogenic In contrast, most Cr(III)
compounds are less soluble and less toxic. Moreover, trace amounts of Cr(IlI)
appear to be essential for animal and human glucose and lipid metabolism.> The
biological effect of Cr(VI) is generally attributed to cellular uptake because Cr(V D),
unlike Cr(III), is easily uptaken by cells via SO,> and HPO,> channels. The
toxicity of Cr(VI) compounds is ascribed to reactive intermediates (such as Cr(V),
Cr(IV), radicals) generated during their reduction by living cells. Relatively, long-
lived Cr(V) intermediates have been detected in the reduction of Cr(VI) both in vitro
and in vivo.**

Toxic chromium compounds can be removed by chemical reduction, which
is both difficult and expensive. So, the possibility of using indigenous
microorganisms to transform the toxic heavy metal Cr(VI) into the Cr(III) state has
stimulated intense interest in the study of metal-organic reactions.®®

More recently, synchrotron radiation-based (SR) Fourier-transform infrared
(FTIR) spectromicroscopy was applied to study chromate biotransformation on
mineral surfaces.”'® Arthrobacter oxydans, the Cr(VI) reducing bacteria, isolated
from Columbia basalt rocks, USA, was used as a model Cr(VI)-tolerant and
reducing bacteria in these experiments. The study of the mechanisms of the Cr(VI)
reducing ability of 4. oxydans w1ll continue in future experiments using biochemical
and spectrometrical methods."!

The purpose of this study is (i) to study Cr(VI) and Cr(IIl) uptake by
A. oxydans by means of instrumental epithermal neutron activation analysis
(ENAA); (ii) to compare Cr(VI) accumulation and Cr(V) formation processes in
A. oxydans; (iii) to determine the baseline chemical composition of 4. oxydans using
ENAA. ENAA was carried out at the IBR-2 pulsed fast reactor in FLNP, JINR,
Dubna, which is characterised by a very high ratio of epithermal to thermal
neutrons.



EXPERIMENTAL
Sample preparation

Chemicals. All experimental chemicals were ACS-reagent grade and
purchased from Sigma (St. Louis, MO, USA).

Sample. Arthrobacter species are the member of the high mol % G+C
actinomycete-coryneform bacteria.!* Arthrobacter oxydans, isolated from Columbia
basalt rocks collected from 75 meters below the ground surface of the Eastern Snake
River Plain in USA were identified as gram- positive Cr(VI) reducer bacteria by
Holman et al.’ The life cycle of A. oxydans is characterized that their cells change
from rod to cocci (almost spherical form), i.e., in the exponential phase of growth
A. oxydans cells are rods that change in size and shapc.”’14 In the course of
exponential growth the rods get shorter and are eventually transformed into coccoid
forms characteristic of a stationary phase structure.

The bacteria 4. oxydans was kept in the nutrient medium recommended for
Arthrobacter species': 2 g of K;HPOy, 0.01 g of FeSOy, 0.2 g of MgS0,4-7H,0, 1 g
of C¢Hy1O-N, 1 g of glucose, 1 g of yeast extract and 1 liter of distilled water.
A. oxydans cells were grown in 250 ml Elenmayer flasks as a suspension. The
medium was inoculated with 0.1 ml of overnight broth and incubated at 21 °C being
shaked continuously.

To perform Cr(VI) and Cr(Ill) accumulation tests by ENAA, Cr(VI) [as
K,CrO4] or Cr(Ill) [as Cr(CH;COOH);] was added to the nutrient medium to
provide the chromium concentration within a range of 10-200 mg/l. Both Cr(VI) and
Cr(IIT) were added to the nutrient medium in the exponential phase of growth. After
being cultivated for 5 days the cells were harvested by centrifugation (10,000 rpm,
15 min, 4 °C), rinsed twice in a 20 mM phosphate buffer. This wet biomass was then
placed in an adsorption-condensation lyophilizer and dried following the procedure
reported in.'® The dry native biomass was finally pelletized to 5 mm pieces using a
special titanium press form.

To conduct a Cr(V) accumulation test by ESR method 4. oxydans was
cultivated in the same nutrient medium. In the exponential phase of growth two sets
of experiments were performed: (1) 4. oxydans cells were separated from the
nutrient medium (by centrifugation), they were then added with chromate solution to
have the Cr(VI) concentration within a range of 10 - 200 mg/l. ESR measurements
were started in 30 min after the centrifugation; (2) chromate solution was added to
the nutrient medium to provide a Cr(VI) concentration of 35, 70 or 140 mg/l. In 20
min or in 1 hour the cells were centrifugated and supernatants were subjected to the
ESR measurements.

The elemental composition of the biomass of 4. oxydans grown in the
nutrient medium: 10 g of glucose, 10 g of peptone, 1 g of yeast extract, 2 g of caseic
acid hydrolysate, 6 g of NaCl and 1 litre of distilled water — was determined by
ENAA.



Analysis
ENAA

A. oxydans samples of about 0.5 g were packed in aluminum cups for long-
term irradiation and were heat-sealed in polyethylene foil bags for short-term
irradiation. The neutron flux density characteristics and the temperature in the
irradiation channels equipped with a pneumatic system are described in.'6

Long-lived isotopes were determined using the irradiation channel Chi. The
samples were irradiated for five days, repacked and then counted twice after decays
of 4 and 20 days. The counting time varied from 1.5 to 10 hours. To determine the
short-lived isotopes of Mg, Al, Cl, Ca, V, Mn, and I, the irradiation channel Ch2 was
used. The samples were irradiated for three minutes and measured twice after 3-5
and 20 min decay for 5-8 and 20 min, respectively.

Gamma-ray spectra were measured using a large-volume Ge(Li) detector
with a resolution of 1.96 keV at the 1332.4 keV line of “'Co with an efficiency of
30% relative to a 3'x3' Nal detector for the same line. The data processing and
element concentration determination were performed on the basis of certified
reference materials and comprators using software developed in FLNP JINR."

Three certified reference materials (CRMs), namely, IAEA Lichen-336,
IAEA Bottom Sediments SDM-2T and Nordic Moss DK-1 were used for quality
assurance purposes.

Electron Spin Resonance (ESR) spectrometry

ESR investigations were carried out on the RE 1306 radiospectrometer with
100 kHz modulation at 9.3 GHz. A 0.5 ml bacterial sample was placed in a 4 mm
diameter quartz tube. The samples were kept at room temperature for certain periods
of time and then put into liquid nitrogen. ESR measurements were carried out at
liquid nitrogen temperature (T=77 K).

RESULTS AND DISCUSSION

The cellular uptake of Cr depends on its chemical and physical state, the
extracellular concentration and the exposure period. To determine the penetration
ability of Cr(Ill) and Cr(VI) complexes into living systems,® a multitude of
techniques, including radioactive tracer analysis, atomic absorption spectroscopy
(AAS), gas-liquid chromatography (GLC) has been used.

We used the ENAA to study chromate uptake by 4. oxydans cells. In Fig. 1
the level of Cr(VI) accumulation in 4. oxydans at different Cr(VI) concentrations in
the nutrient medium is presented.

As it follows from the data, in the discussed range of Cr(VI) concentrations
the total content of intracellular chromium always increases, while the uptake of Cr
is more intensive in the interval of Cr(VI) concentrations 10 -50 mg/l. At 50 mg/1 the
accumulated chromium is about 500 pg/g (after 5 days).
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A non-monotonous behavior of Cr(VI) uptake is described by the function
Y =A4(1~-e*), where A; = 405 ppm, k; = 0.0074 (mg/Iy"". The solid line in Fig. 1

corresponds to calculation. The approximation was carried out by the nonlinear
Levenberg-Marquardt method.
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Fig. 1. The chromium content in Arthrobacter oxydans
cells versus Cr(VI) content in the nutrient medium

It should be noted that when the Cr(VI) concentration in the nutrient medlum
exceeds 50 mg/l, the survival ability of 4. oxydans cells decreases dramatically.'?
So, it can be assumed that the obtained result, a decrease in the accumulation rate at
high concentrations of Cr(VI), is due to the effect of dose-dependent toxicity.

After Cr(VI) had been added to A. oxydans the ESR signal centered at
2=1.980 with a peak-to-peak line width of 12 G appeared.'’ This signal is assigned
to surface Cr(V)-diol complexes. Gram-positive bacteria contain different
constituents in the cell wall, e.g. polycarbohydrates, teichoic acids etc, which, in
turn, contain diol groups.’® Cr(VI) as (CrOs); can be bound to diol moieties
generating Cr(V) complexes.

In the second set of experiments, the dependence of Cr(V) formation on the
Cr(VI) concentration was investigated (using ESR method). In Fig. 2 the relative
intensity of the Cr(V) signal is plotted versus the concentration of Cr(VI). The
chromate solution was added to the nutrient medium (insert) and directly to nutrient
medium free 4. oxydans cells.

The intensity of the ESR signal was measured after 30 min of chromate
action (insert: after 20 min and after 1 hr). The time of Cr(V) measurements was



chosen on the basis of the data obtained from the study of the kinetics of Cr(V)

formation.

It was observed that reduction from Cr(VI) to Cr(V) begins immediately and
the Cr(V) signal intensity reaches its maximum in about 0.3-1 hr (the data are not
shown) depending on the initial concentration of Cr(VI) in the nutrient medium.
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Fig. 2. Cr(V) formation by Arthrobacter oxydans

A chromate solution is added to bacterial cells separated from the
nutrient medium. ESR measurements are carried out after 30 min.
Insert: chromate solution is added to the nutrient medium.

Figure 2 shows that in both cases, the process of Cr(V) formation has a dose-
dependent character. However, the intensity of the ESR signal is found to be about 5
times smaller when chromate solution is added to the nutrient medium (insert). A
detail investigation of Cr(V) formation was performed when chromate solution was
added directly to 4. oxydans cells. At low concentrations of Cr(VI) (10 - 50 mg/l)
the formation of Cr(V) goes fast but at higher concentrations the intensity of the
ESR signal is practically constant. At a Cr(VI) concentration of 50 mg/l the maximal
amount of Cr(V) is ~10'° spin/sample (this value is observed after nearly half an
hour of chromate solution action) i. €. about 25 ppm of Cr(V) (dry weight of sample
is ~ 4 mg) have been formed in already half an hour of Cr(VI) action. So the
formation of Cr(V) by A.oxydans is the process that goes at a high rate. Besides,
Cr(V) is a highly reactive species and it is most likely easily transported to cells. So,
it can be supposed that one part of chromium accumulated in bacterial cells is due to

Cr(V). ]



According to calculations, the best approximation (solid line in Fig. 2) again
corresponds to the function V==t , where A; = 0.26 (arb. units) and k=
. k
0.073 (mg/1)” and so, 7;— ~10. Thus the reduction from Cr(VI) to Cr(V) is a much
faster process than the uptake of Cr(VI).

In Fig. 3 the results obtained in ENAA experiments with Cr(III) loading are
presented.
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Fig. 3. The chromium content in Arthrobacter oxydans cells
versus Cr(II) content in the nutrient medium

The figure shows, that in the investigated range of Cr(III) concentration in
the nutrient medium, the accumulation of Cr(Ill) in bacterial cells does not
practically take place. However, at a concentration of 200 mg/l Cr content in
A. oxydans cells increases. Taking into account the fact that the rate and extent of
chromium penetration into cells dependens on its extracellular concentration and
exposure time, one can assume, that at the concentration 200 mg/} (after 5 days of
Cr(Ill) action) the number of certain complexes of chromium (including Cr(iII)
complexes), that can be generated extracellularly and have high permeabilities,
increases. This, however has to be studied more carefully in future experiments. It
should be noted that Cr(Ill) inside the cells is one of the major reasons of Cr(VI)
genotoxicity (Cr(VI) is not bound to DNA, but Cr(III) is).*



In the forth experiment, the ENAA was applied to determine the chemical
composition of 4. oxydans. The ENAA is found to be suitable for multi-element
determination in biological samples by Frontasyeva and Steinnes."®

In Fig. 4 the background level of the chemical composition of 4. oxydans is
presented. As it follows from the figure, the concentration range is over 8 orders of
magnitude, from major to ultra-trace elements. A total of 17 major, minor and trace
elements were determined. The increased concentrations of Na and K in the samples
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Fig. 4. The elemental distribution in lyophilized samples
of Athrobacter oxydans

As it follows from the same figure high concentrations of the following
components — Mg, Al, Ca and Fe were observed. The concentration of Mg was
found to be especially high, 1880 g/g. The Columbia basalt samples from the studied
site are fine-grained silicate rocks with calciplagioclase feldspar [(Na,Ca)(AlSi)4O4],
pyroxene [(Ca,Na, Mg,Fe)(Al Si)0s], and olivine (Mg sFeq2Si04) being essential
minerals. Magnetite (Fe*"Fe**2)O4 is also often present. 10°S0, it can be supposed that
the element composition of A. oxydans reflects the chemical composition of the
environment to which it was confined. In future obtained results will be compared as
to the chemical composition of other Cr(VI) reducer endolithic bacteria.



CONCLUSIONS

Using instrumental neutron activation analysis the uptake of chromate by
A. oxydans was investigated. It was established that chromate accumulation is dose-
dependent and it is more intensive in the interval of Cr(VI) concentrations (10-50)
mg/l. The most intensive formation of Cr(V) was also found at low concentrations of
Cr(VI) (up to 50 mg/l) (using the ESR method). Besides, it was calculated that both

Cr(VI) uptake and Cr(V) formation are described by the function Y=4(1-e™) .

while the reduction from Cr(VI) to Cr(V) was found to be a faster process than the
uptake of Cr(VI).

According to ENAA measurements, Cr(II) in contrast to Cr(VI), is not
accumulated in Arthrobacter oxydans cells up to a concentration of 200 mg/1.

Also, the chemical composition of 4. oxydans was studied using the ENAA.
The background levels of 17 major, minor and trace elements were determined in
the bacteria. In future the obtained results will be compared with the chemical
composition of other Cr(VI)-reducing endolithic bacteria.
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In6axamswiu H. 5. u ap. E18-2002-129
IIpuMeHeHHe MeTona HEHTPOHHOTO aKTHBALIHOHHOIO aHaIM3a
Ui U3yYeHHsl XpoMa, momoweHHoro Arthrobacter oxydans

s u3ydeHus moriouieHus xpoMa Arthrobacter oxydans (Cr(VI)-penyuupyio-
mas GakTepus, BbIeNeHHasd U3 KomymOuiicknx 6asansToBeix mopon, CIIIA) uc-
MOJIb30BAJICS METON MHCTPYMEHTAIBHOIO aKTHBALTHOHHOTO aHAH3a. YCTAaHORBJEHO,
YTO aKKyMY/ISLMS XPOMa 3aBHCHT OT J03bl H HanOGornee HHTCHCHBHA B HHTEPBAJIC
konuentpaiuii Cr(VI) ot 10 no 50 mr/n. Ha ocHOBe MeTOAA 3/IEKTPOHHO-TIapaMar-
HHMTHOIO (CIIMHOBOTO) pe30oHaHca GBUIO TakXe OnpeaesieHo, YTo Hanboiee HHTEH-
cusHoe obpaszoBaHue Cr(V) nmpoHCXomuT NpH HU3KMX KoHueHTpaumax Cr(VI)
(mo 50 mr/m). Kpome Toro, 6bu10 yCTaHOBJIEHO, YTO MPOLECC BOCCTAHOBJICHMS
Cr(VI) B Cr(V) npoucxoaut 6sictpee, yeMm nontoueHue Cr(VI). Ilo pesynbratam
usmepenuit DHAA Cr(IIl), B ommnyne ot Cr(VI), He akKymynupyeTcs KiaeTKamMu
Arthrobacter oxydans Binots 1o xoHueHTpauuii 200 Mr/i. C OMOLIBIO 3ITHTEILTO-
BOTO HEATPOHHOTO aKTHBALIHOHHOTO aHanu3a B Arthrobacter oxydans 651 onpene-
JieH (pOHOBHIH ypoBeHb 17 MaKpo- H MHKPO3JIEMEHTOB.

Pa6ora Bemonuena B JlaGopatopuu HeiitpoHHOH ¢u3uku M. H. M. ®panka
OHWAU u B Uuctutyre dusuku uM. D. JI. Aupponuxamsuny AH pysun.

TMpenpunr O6GbeAMHEHHOTO MHCTHTYTa ANEPHBIX HccnenoBanuii. Jy6Ha, 2002

Tsibakhashvili N. Ya. et al. E18-2002-129
Application of NAA Method to Study Chromium Uptake
by Arthrobacter oxydans

To study chromium uptake by Arthrobacter oxydans (Cr(VI)-reducer bacteria
isolated from Columbia basalt rocks, USA) instrumental neutron activation analy-
sis method was applied. It was established that chromate accumulation is dose-de-
pendent and it is more intesive in the interval of concentrations of Cr(VI)
(10-50 mg/1). At low concentrations of Cr(VI) (up to 50 mg/l) the most intensive
formation of Cr(V) was also found (using ESR method). Besides, it was estimated
that reduction from Cr(VI) to Cr(V) is faster process than the uptake of Cr(VI).
According to ENAA measurements Cr(III), in constant to Cr(VI), is not accumu-
lated in Arthrobacter oxydans cells up to concentration of 200 mg/l. Using epither-
mal neutron activation analysis the background levels of 17 major, minor and trace
elements were determined in Arthrobacter oxydans.

The investigation has been performed at the Frank Laboratory of Neutron
Physics, JINR and at the E. L. Andronikashvili Institute of Physics of the Geor-
gian Academy of Sciences.
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