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Many microorganisms are able to grow in highly
deuterated media containing up to 99.8% of deuterium
oxide (heavy water, 
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, D
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O), although microbial
growth in such media is slow and requires preliminary
adaptation. The adaptation period and the growth
parameters of microorganisms in deuterated media
depend on the nature of the carbon source and the phys-
iological characteristics of the microorganisms.
Although the biological effects of D

 

2

 

O have been stud-
ied in depth [1], the mechanisms of cell adaptation to
heavy water remain poorly understood. Knowledge of
the biological effects of deuterium is of great importance
in the biotechnological production of deuterated biolog-
ically active substances [2], which find ever-increasing
use in biochemical and biomedical research [3].

The effects of deuterium on cells can be divided into
two main groups: substrate deuterium isotope effects
and deuterium isotope effects of heavy water as a sol-
vent. The isotope effects of the first group are due to the
different energy potentials of 

 

ë–

 

1

 

ç 

 

and 
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 bonds in
deuterated and ordinary substrates and the products of
their metabolic conversion. Unlike heavy water, deuter-
ated carbon sources do not dramatically affect micro-
bial metabolism, due to which many microorganisms
can utilize completely deuterated analogues of their
substrates. The isotope effects of D

 

2

 

O as a solvent are
as yet poorly studied, although there are grounds to
believe that they may be responsible for the adaptation
of cells to growth in deuterated media.
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Since the physicochemical properties of 
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 are different, the presence of heavy water in the
culture liquid affects cell physiology, specifically,
membrane permeability [4], membrane transport [5],
and the activity of membrane enzymes [6]. Because of
the lower chemical potential of heavy water as com-
pared to ordinary water, solutions of salts in 
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 are
hyperosmotic in comparison with the analogous solu-
tions in 

 

1

 

H

 

2

 

O

 

. Consequently, heavy water induces an
efflux of ordinary water from cells placed in deuterated
media [7]. Andjus and Vucelic showed that heavy water
induces osmotic shock and causes an efflux of intracel-
lular potassium from algal cells [5]. It is known that

 

Escherichia coli

 

 cells respond to hydrogen peroxide
(oxidative stress) by increasing the activity of catalase
and by excreting potassium cations [8].

The physiological role of rapid 

 

ä

 

+

 

 excretion in
response to different stresses is not yet fully under-
stood. The possible reasons for this excretion are cell
envelope damage [9], membrane excitation [5], and
glutathione-induced opening of 

 

ä

 

+

 

 channels [8]. There
is evidence that the redox state of cells may control 

 

ä

 

+

 

efflux through membrane channels [10]. The decreased
level of intracellular potassium in 

 

E

 

. 

 

coli

 

 cells exposed
to oxidative stress may cause DNA relaxation and,
hence, activate the DNA repair system [9]. Butler and
Grist showed that D

 

2

 

O-adapted cells of 

 

Streptococcus
pneumoniae

 

 have higher Hex activity and repair DNA
lesions better than do nonadapted cells [11]. Therefore,
like other stress factors, heavy water may induce an
adaptive response in cells. The question now arises of
whether such phenomena as cross adaptation and pro-
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Abstract

 

—The adaptation of the methylotrophic bacterium 

 

Methylophilus

 

 sp. B-7741 to growth in highly deu-
terated media was studied. For the first time, we showed the cross adaptation of bacterial cells to deuterated
media and oxidative and osmotic stresses. The activity of catalase in deuterated cells was higher than in the con-
trol cells. Deuterated cell-free culture liquids showed protective effects on the growth of 

 

Methylophilus

 

 sp. B-
7741 in deuterated media, which was manifested as an increase in the deuterated biomass yield. These data and
the data available in the literature suggest that the mechanisms of bacterial cell adaptation to heavy water and
to oxidative and osmotic stresses are similar.
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duction of extracellular protectants [12, 13] are typical
of cell adaptation to heavy water.

The aims of this work were to study (1) the effect of
the cultivation conditions of the inoculum on the growth
parameters of the methylotrophic bacterium 

 

Methylophi-
lus

 

 sp. B-7741 in deuterated media, (2) the effect of deu-
terated media on catalase activity, and (3) the biological
activity of deuterated cell-free culture liquid.

MATERIALS AND METHODS

Experiments were carried out with the strictly meth-
ylotrophic bacterium 

 

Methylophilus

 

 sp. B-7741, which
has nonmotile rod-shaped cells 

 

0.3–0.4 

 

×

 

 0.6–0.7

 

 

 

µ

 

m in
size and produces round, even, white–cream colonies
from 0.5 to 3 mm in diameter. The optimum growth
temperature and pH are 

 

28–30°ë

 

 and 6.8–7.2, respec-
tively. The bacterium was isolated from a mixed meth-
anol-utilizing culture, which also contained a gram-
positive bacterium of unknown taxonomic affiliation.

The bacterium was cultured in a synthetic medium
containing (g/l) NaNO

 

3

 

, 1; MgSO

 

4 

 

· 7H

 

2

 

O, 0.2; CaCl

 

2

 

,
0.02; K

 

2

 

HPO

 

4

 

, 1.5; and KH

 

2

 

PO

 

4

 

, 0.7. The medium was
supplemented with a trace element solution (20 ml/l) of
the following composition (mg/100 ml): 

 

FeSO

 

4

 

 

 

·

 

 7H

 

2

 

O

 

,
100; 

 

MnCl

 

2

 

 

 

· 

 

4H

 

2

 

O

 

, 1.5; 

 

CoCl

 

2

 

 

 

·

 

 6H

 

2

 

O

 

, 10; 

 

ZnSO

 

4

 

 

 

·
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O

 

, 5; 

 

CuCl

 

2

 

 

 

·

 

 5H

 

2

 

O

 

, 5; Na

 

2

 

MoO

 

4

 

, 1.5; NiCl

 

2 

 

·

 

 6H

 

2

 

O

 

,
1; and EDTA, 250. The medium was sterilized at
0.8 atm for 30 min (phosphate solutions were sterilized
separately) and supplemented with 0.5 or 1 vol % meth-
anol.

The deuterated medium had the same composition,
except that it was prepared by using heavy water
(99.85 at %

 

 2

 

H) and supplemented with deuterated
methanol 

 

ë

 

2
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é
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(99.7 at % 

 

2

 

H).
The bacterium was adapted to heavy water by culti-

vating it at increasing D

 

2

 

O concentrations (0, 75, 95,
and 99.85%). To prevent the dilution of deuterium with

protium of atmospheric moisture, cultivation in the
medium containing 99.85% heavy water was per-
formed in flasks furnished with traps that were filled
with dry silica gel.

To obtain inocula adapted to osmotic and oxidative
stresses, the bacterium 

 

Methylophilus

 

 sp. B-7741 was
grown for 48 h (to the stationary phase) in the medium
containing 0.5% (86 mM) NaCl or 0.0001% (33 

 

µ

 

M)
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é

 

2

 

, respectively.
To assay catalase activity, bacterial cells were har-

vested by centrifugation, suspended in 50 mM phos-
phate buffer (pH 7.0), and disrupted by sonication at

 

0°ë

 

 for a total of 3 min in 1-min bursts. The cell homo-
genate was centrifuged at 8000 

 

g

 

 for 30 min, and the
supernatant (referred to as cell-free extract) was used to
assay catalase by the spectrophotometric method
described by Beers and Sizer [14]. Catalase activity
was expressed in nmol 

 

H

 

2

 

O

 

2

 

/(min mg protein).
Protein in cell extracts was quantified by the method

of Lowry 

 

et al.

 

 The calibration curve was constructed
with bovine serum albumin as the standard.

To evaluate the biological activity of deuterated cul-
ture liquid (CL), unadapted 

 

Methylophilus

 

 sp. B-7741
cells were grown in the medium containing 95% D

 

2

 

O
and 0.2% deuterated methanol for 24 h (OD

 

600

 

 = 0.1;
the exponential growth phase) or for 72 h (OD

 

600

 

 = 0.3;
the stationary growth phase). Then the cells were
removed by centrifugation, and the supernatant (CL)
was filter-sterilized. To check the sterilization effi-
ciency, the CL was mixed with an equal volume of fresh
medium, supplemented with 1 vol % methanol, and
incubated at 30

 

°

 

C. The absence of growth was an indi-
cation of the efficiency of sterilization. The sterilized
deuterated CL was mixed with 3 volumes of fresh nutri-
ent medium (95% D

 

2

 

O). The mixture was supple-
mented with 1 vol % methanol and inoculated with the
unadapted

 

 Methylophilus

 

 sp. B-7741 cells.
All the experiments were conducted three or four

times. The paper reports representative results.

RESULTS AND DISCUSSION

The effect of the adaptation of

 

 Methylophilus

 

 sp.
B-7741 to increasing concentrations of heavy water in
the cultivation medium on the lag phase duration and
the specific growth rate is shown in Table 1. As can be
seen from this table, the unadapted

 

 Methylophilus

 

 sp.
B-7741 could barely grow in the deuterated medium,
whereas the adapted cells exhibited good growth in this
medium, with a high specific growth rate and a rela-
tively short lag phase. These data are in agreement with
the results of our earlier experiments with the faculta-
tive methylotrophic bacterium

 

 Brevibacterium methyli-
cum

 

 [2].
If the cells used for inoculation were preliminarily

adapted to osmotic stress (i.e., were grown in the
medium with 86 mM NaCl) or oxidative stress (i.e.,
were grown in the medium with 33 

 

µ

 

M H

 

2

 

O2), they

Table 1.  The effect of the cultivation conditions of the inoc-
ulum on the growth parameters of Methylophilus sp. B-7741
in deuterated medium (99.8 vol % 2H2O, 0.1 vol %
C2H3O2H)

Cultivation conditions
of inoculum

Growth parameters of Methylophi-
lus sp. B-7741

Lag phase, h Specific growth
rate, h–1

Ordinary medium
without heavy water

49 ± 1 0.02 ± 0.01

Successive passages
in media with 0, 75, 95,
and 99.8% heavy water

13 ± 3 0.12 ± 0.01

Ordinary medium
with 86 mM NaCl

14 ± 2 0.10 ± 0.01

Ordinary medium
with 33 µM H2O2

13 ± 3 0.12 ± 0.01
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grew in the deuterated medium at the same rate as the
cells that were preliminarily adapted to heavy water by
successive cultivation in the media with increasing con-
centrations of D2O (Table 1). In other words, Methylophi-
lus sp. B-7741 cells exhibited cross adaptation to NaCl
(osmotic stress), hydrogen peroxide (oxidative stress),
and heavy water. This suggests that the adaptive mecha-
nisms to these three types of stresses may be similar.

To verify this suggestion, we measured the activity
of catalase, which is the major enzyme that is responsi-
ble for the decomposition of H2O2 in growing E. coli
cells [8], in the Methylophilus sp. B-7741 cells grown
in the ordinary and deuterated nutrient media. These
measurements showed that the activity of catalase in
the Methylophilus sp. cells grown in the deuterated
medium was an order higher than in the cells grown in
the ordinary medium (Table 2).

It is known that the activity of catalase in bacterial
cells exposed to oxidative and osmotic stresses
increases [8, 15] and that osmotic stress enhances the
formation of reactive oxygen species in E. coli cells
[15], which is likely to be due to the inhibition of the
electron transport chain [8, 15]. It is also known that
heavy water inhibits the respiratory chain of bacterial
cells [16] and rat liver mitochondria [17]. This gives
ground to believe that, like osmotic stress, heavy water
can elevate the level of reactive oxygen species in cells
and thereby induce antioxidant enzymes, particularly
catalase and peroxidase. Indeed, the activity of peroxi-
dase in winter rye seeds germinated in 99.77% D2O
was found to be higher than in control seeds germinated
in ordinary water [18].

The analysis of the experimental data presented here
and data available in the literature allow us to suggest
that the processes of cell adaptation to D2O-containing

media and to other stressful conditions are similar.
However, heavy water exerts multiple inhibitory effects
on cells and, hence, their adaptation to D2O-containing
media may also involve additional mechanisms.

Nikolaev’s experiments [12, 13] showed that E. coli
cells synthesize extracellular factors of adaptation
when they are exposed to unfavorable (or new) environ-
mental conditions. Bearing this in mind, we studied the
effect of deuterated culture liquids on the adaptation of
Methylophilus sp. B-7741 cells to growth in the deuter-
ated medium (Figs. 1, 2). The deuterated CL obtained
from the exponential culture exerted a beneficial effect
on the growth parameters (the growth rate and biomass)
of Methylophilus sp. B-7741 in the deuterated medium
(Fig. 1). When prepared from the stationary-phase cul-
ture, the deuterated CL also increased the growth rate
and the biomass, although it extended the lag phase
(Fig. 2).

Nikolaev’s experiments also showed that E. coli
cells exposed to heat shock produce the extracellular
factor X1, which promotes cell adaptation to various
inhibitory agents, and the extracellular factor X2, which
decreases the growth rate and considerably enhances
cell resistance to bactericidal concentrations of
N-ethylmaleimide [13]. It should be noted that the
effects of the factor X1 and the deuterated CL are simi-
lar, which suggests that this CL may contain the factor

Table 2.  The activity of catalase in the cell extracts of Methylo-
philus sp. B-7741 grown in the ordinary and deuterated media

Extract of cells grown in Catalase activity,
nmol H2O2/(min mg protein)

Ordinary medium 0.13 ± 0.03

Deuterated medium 1.38 ± 0.10

0.5
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Fig. 1. Growth of Methylophilus sp. B-7741 in undiluted
deuterated medium containing 95% heavy water and 1%
deuterated methanol (curve 1) and in the deuterated
medium mixed with deuterated cell-free culture liquid in a
proportion of 3 : 1 (curve 2). The deuterated culture liquid
was obtained from the Methylophilus sp. B-7741 culture
grown in the deuterated medium to the exponential phase.
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Fig. 2. Growth of Methylophilus sp. B-7741 in undiluted
deuterated medium containing 95% heavy water and 1%
deuterated methanol (curve 1) and in the deuterated
medium mixed with deuterated cell-free culture liquid in a
proportion of 3 : 1 (curve 2). The deuterated culture liquid
was obtained from the Methylophilus sp. B-7741 culture
grown in the deuterated medium to the stationary phase. 
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X1 or other factors with similar properties. In other
words, unadapted Methylophilus sp. B-7741 cells culti-
vated in deuterated media may produce extracellular
substances that enhance cell resistance to heavy water.

Extracellular adaptive factors can be exemplified by
low-molecular-weight alkyl hydroxybenzenes (AHBs),
which act as chemical chaperones stabilizing the spatial
structure of enzymes and increasing cell resistance to
heat shock [19]. A similar action is typical of the molec-
ular chaperones GroE, which stabilize deuterated ribu-
lose bisphosphate carboxylase/oxygenase (EC 4.1.1.39)
in Chlorella ellipsoidea [6], and of osmoprotectants that
increase the stability of biopolymers (such as proteins)
under denaturing conditions [20].

Thus, low-molecular-weight compounds such as
AHBs and osmoprotectants possessing the properties
of chemical chaperones may help bacterial cells retain
high rates of metabolic reactions and growth in deuter-
ated media. The data obtained in this study show that
the mechanism of cell adaptation to heavy water is
likely to be similar to the mechanisms of cell adaptation
to other stress factors.
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