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Abstract

This review article views predominately the structure and function of animal and bacterial
photoreceptor pigments (rhodopsin, iodopsin, bacteriorhodopsin) and their aspects of nano- and
biotechnological usage. On an example of bacteriorhodopsin is described the method of its
isolation from purple membranes of photo-organotrophic halobacterium Halobacterium halobium
by cellular autolysis by distilled water, processing of bacterial biomass by ultrasound at 22 KHz,
alcohol extraction of low and high-weight molecular impurities, cellular RNA, carotenoids and
lipids, the solubilization with 0,5 % (w/v) SDS-Na and subsequent fractionation by methanol and
gel filtration chromatography on Sephadex G-200 Column balanced with 0.09 M Tris-borate buffer
(pH = 8,35) with 0,1 % (w/v) SDS-Na and 2,5 mM EDTA. Within the framework of the research the
mechanism of color perception by the visual analyzer having the ability to analyze certain ranges of
the optical spectrum, as colors was studied along with an analysis of the additive mixing of two
colors. It was shown that at the mixing of electromagnetic waves with different wavelengths, the
visual analyzer perceive them as separate or average wave length corresponding to mix color.

Keywords: vision; rhodopsin; iodopsin; bacteriorhodopsin; additive color mixing.

Introduction

Vision (visual perception) is a process of psycho-physiological processing of the images of
surrounding objects, carried out by the visual system, which allows to get an idea of the size, shape
and color of surrounding objects, their relative position and distance between them. By means of
this animals can receive 90 % of all incoming information to the brain.

The function of the visual system is carried out through various interrelated complex
structures designated as visual analyzer, consisting of a peripheral part (retina, optic nerve, optic
tract) and the central department of combining stem and subcortical centers of the midbrain, as
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well as the visual cortex of the cerebral hemispheres. The human eye can perceive only light waves
of a certain length — from A = 380 to A = 770 nm.

Light rays from treated subjects pass through the optical system of the eye (cornea, lens and
vitreous body) and onto the retina, where the light-sensitive photoreceptor cells (rods and cones)
are located. Light incidented on the photoreceptors, triggers a cascade of biochemical reactions of
visual pigments (in particular, the most studied of them is rhodopsin responsible for the perception
of electromagnetic radiation in the visible range), and in turn, — the occurrence of nerve impulses,
which are transmitted through the following retinal neurons and further to the optic nerve.
The optic nerve carries the nerve impulses into the lateral geniculate body — subcortical center of
vision, and thence to the cortical center, located in the occipital lobe of the brain, where the visual
image is formed.

Over the last decade have been obtained new data revealing the molecular basis of visual
perception. There were identified visual molecules of eucariotes (rhodopsin, iodopsin) and
procariots (bacteriorhodopsin) involved in light perception and cleared up the mechanism of their
action.

The structural research of rhodopsin and its affiliated chromophore proteins (iodopsin,
bacteriorhodopsin) and the analysis of their functions have been carried out in the Scientific
Research Center of Medical Biophysics (Bulgaria) throughout the last 20 years. The purpose of the
research was the studying of basic biochemical mechanisms associated with visual perception and
some nano- and biotechnological applications of visual phototransforming pigments as trans
membrane protein bacteriorhodopsin, extracted from purple membranes of halophilic bacterium
Halobacterium halobium.

Materials and methods

As a producer of bacteriorhodopsin (BR) was used a carotenoid strain of extreme photo-
organorotrophic halobacterium Halobacterium halobium ET 1001, obtained from Moscow State
University (Russia). The strain was modified by selection of individual colonies on solid (2 % (w/v)
agarose) media with peptone and 4,3 M NaCl. BR (yield 8-10 mg from 1 g biomass) was obtained
in synthetic (SM) medium (g/1): D,L-alanine — 0,43; L-arginine — 0,4; D,L-aspartic acid — 0,45; L-
cysteine — 0,05; L-glutamic acid — 1,3; L-lycine — 0,06; D,L-histidine — 0,3; D,L-isoleucine — 0,44;
L-leucine — 0,8; L-lysine — 0,85; D,L-methionine — 0,37; D,L-phenylalanine — 0,26; L-proline —
0,05; D,L-serine — 0,61; D,L-threonine — 0,5; L-tyrosine — 0,2; D,L-tryptophan — 0,5; D,L-valine —
1,0; AMP - 0,1; UMP - 0,1; NaCl - 250; MgS0O,7H.O — 20; KCl - 2; NH,Cl — 0,5; KNO; — 0,1;
KH.PO, - 0,05; K.HPO, - 0,05; Na*-citrate — 0,5; MnSO,2H.O — 3 10+4; CaCl..6H.O — 0,065;
7ZnS0,7H,0 — 4105; FeSO,7H.0 — 5104; CuSO,5H.0 — 510°5; glycerol — 1,0; biotin — 1-104; folic
acid — 1.5- 104; vitamin B,, — 2:10'5. The growth medium was autoclaved for 30 min at 0,5 atm, the
pH value was adjusted to 6,5-6,7 with 0,5 M KOH. Bacterial growth was performed in 500 ml
Erlenmeyer flasks (volume of the reaction mixture 100 ml) for 4-5 days at 35 °C on Biorad shaker
(“Birad Labs”, Hungary) under intense aeration and monochromatic illumination (3 lamps x 1,5 Ix).
All further manipulations for BR isolation were carried out with the use of a photomask lamp
equipped with an orange light filter. Biomass (1 g) was washed with distilled water and pelleted by
centrifugation on T-24 centrifuge (“Carl Zeiss”, Germany) (1500 g, 20 min). The precipitate was
suspended in 100 ml of dist. H,O and kept for 3 h at 4 °C. The reaction mixture was centrifuged
(1500 g, 15 min), the pellet was resuspended in 20 ml dist. H.O and disintegrated by infrasound
sonication (22 kHz, 3 times x 5 min) in an ice bath (0 °C). The cell homogenate after washing with
dist. H.O was resuspended in 10 ml of buffer containing 125 mM NaCl, 20 mM MgCl,, and 4 mM
Tris-HCl (pH = 8,0), then 5 mg of RNA-ase (2—3 units of activity) was added. The mixture was
incubated for 2 h at 37 °C. Then 10 ml of the same buffer was added and kept for 10—12 h at 4 °C.
The aqueous fraction was separated by centrifugation (1500 g, 20 min), the PM precipitate was
treated with 50 % (v/v) ethanol (5 times x 7 ml) at 4 °C followed by separation of the solvent. This
procedure was repeated 6 times to give a colorless washings. The protein content in the samples
was determined spectrophotometrically on DU-6 spectrophotometer (“Beckman Coulter”, USA) by
the ratio Dago/Dses (€280 = 1,1105; €568 = 6,3104 Mcm™) [1]. PM regeneration is performed as
described in [2]. Yield of PM fraction — 120 mg (80-85%). Fraction PM (in H.O) (1 mg/ml) was
dissolved in 1 ml of 0,5 % (w/v) sodium dodecyl sulfate (SDS-Na), and incubated for 5—7 h at 37 °C
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followed by centrifugation (1200 g, 15 min). The precipitate was separated, than methanol was
added to the supernatant in divided portions (3 times x 100 ml) at 0 °C. The reaction mixture was
kept for 14-15 h in ice bath at 4 °C and then centrifuged (1200 g, 15 min). Fractionation procedure
was performed three times, reducing the concentration of 0,5 % SDS-Na to 0,2 and 0,1 %. Crystal
protein (output 8-10 mg) was washed with cold 2H.O (2 times x 1 ml) and centrifuged (1200 g,
15 min). Protein sample (5 mg) was dissolved in 100 ml of buffer solution and placed on a column
(150x10 mm), stationary phase — Sephadex G-200 ("Pharmasia"”, USA) (specific volume packed
beads — 3040 units per 1 g dry. Sephadex) equilibrated with buffer containing 0,1 % (w/v) SDS-Na
and 2,5 mM ETDA. Elution proceeded by 0,09 M Tris-borate buffer containing 0,5 M NaCl, pH =
8,35 at a flow rate of 10 ml/cm2 - h. Combined protein fraction was subjected to freeze-drying, in
sealed glass ampoules (10 x 50 mm) and stored in frost camera at -10 °C.

Quantitative analysis of the protein was performed in 12,5% (w/v) polyacrylamide gel (PAAG)
containing 0,1 % (w/v) SDS-Na. The samples were prepared for electrophoresis by standard
procedures (LKB protocol, Sweden). Electrophoretic gel stained with Coomassie blue R-250 was
scanned on a CDS-200 laser densitometer (Beckman, USA) for quantitative analysis of the protein.

Absorption spectra of pigments were recorded on programmed DU-6 spectrophotometer
(“Beckman Coulter”, USA) at A = 280 nm and A = 750 nm.

IR-spectra were registered on Brucker Vertex IR spectrometer (“Brucker”, Germany) (a
spectral range: average IR — 370—7800 cm™; visible — 2500—8000 cm; the permission — 0,5 cm™;
accuracy of wave number — 0,1 cm® on 2000 cm™) and Thermo Nicolet Avatar 360 Fourier-
transform IR.

Colors were analyzed by using color analyzer “Tsvetan” (“Photopribor”, Cherkassk, Ukraine).
Operating relative absorbance, % from -80 to 70. Measurement error, +5 %. Response time from
0,4 to 63 sec. Overall dimensions, 300 mm.

The structural studies were carried out with using scanning electrom microscopy (SEM) on
JSM 35 CF (JEOL Ltd., Corea) device, equiped with X-ray microanalyzer “Tracor Northern TN”, SE
detector, thermomolecular pump, and tungsten electron gun (Harpin type W filament, DC
heating); working pressure: 104 Pa (10® Torr); magnification: 300000, resolution: 3,0 nm,
accelerating voltage: 1—30 kV; sample size: 60—130 mm.

Results and discussion

Molecular basis of vision

The process of perception of light has a definite localization in photoreceptor light-sensitive
cells of the retina. The retina in its structure is a multilayer layer of nervous tissue that is sensitive
to light, which lines the inside of the back of the eyeball. Pigmented retina located at the membrane
referred to as retinal pigmented epithelium (RPE), which absorbs light passing through the retina.
This prevents the reverse reflection of the light through the retina and does not allow the vision to
disperse.

Light enters through the eye and creates a complex biochemical reaction in the photoreceptor
cells of the retina. Photoreceptor cells are divided into two types that due to their characteristic
form are designated as rods and cones [3]. Rods are receptors of light of low intensity; they
arranged in a colored layer of the retina, in which is synthesized photochromic protein rhodopsin,
responsible for color perception. Cones on the contrary contain a group of visual pigments
(iodopsin), and adapted to distinguish different colors. Rods can persive black and white images in
the dim light, cones — to carry out color vision in bright light. Human retina contains
approximately 3 million of cones and 100 million of rods. Their dimensions are very small — the
length of about 50 mm, the diameter from 1 to 4 pm.

Electrical signals generated by the rods and cones, are handled by other retinal cells — bipolar
and ganglion cells before they are transmitted to the brain via the optic nerve [4]. Additionally,
there are two intermediate layers of neurons. Horizontal cells transmit messages back and forth
between the photoreceptor cells, bipolar cells and each other. Amacrine cells of the retina are
linked to bipolar cells, ganglion cells, as well as with each other. Both types of these intermediate
neurons play a major role in the processing of visual information at the level of the retina before it
is transmitted to the brain for final processing.
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Cones are approximately 100 times less sensitive to light than rods, but much better perceive
the rapid movement. The wand can be stimulated by a single photon. Cascade of molecular
interactions enhances this "quantum" of information into a chemical signal, which is then
perceived by the nervous system. The degree of enhancement signal varies depending on ambient
light: rods are more sensitive under low than inder bright light. As a result, they operate effectively
in a wide range of ambient light. Sensory system of rods is packed up in clearly distinguishable
cellular substructure that can be easily selected and investigated in vitro in isolated state.
This property makes them as indispensable object for further structural-functional studies as well
as studies of photoreceptor pigments (rhodopsin, iodopsin). These anumal photoreceptor pigments
are used as models for studying of bacterial photoreceptor pigment bacteriorhodopsin (BR) from
purple membranes of halobacterium Halobacterium halobium.

Rhodopsin and its structural and functional properties

Rhodopsin [5] is one of the most important integral photoreceptor proteins of rod cells,
which absorbs a photon and creates a biochemical response constituting a first step in a chain of
events that provide vision. Rhodopsin consists of two components — a colorless protein opsin and
a chromophore component 11-cis-retinal residue, acted as the light acceptor (Fig. 1).
The absorption of a light photon by 11-cis-retinal “turns on” the enzymatic activity of opsin and
further photosensitive biochemical cascade of reactions that are responsible for vision [6].

Opsin-basis

Figure 1. Configuration of photosensitive chromophore of rhodopsin in the basic (unexcited) phase
(at the double bond is marked 11-cis-configuration)

Rhodopsin belongs to the group of the G-protein-coupled receptors (GPCR-receptors) of the
retibylidene protein family responsible for transmembrane signaling mechanism based on the
interaction with intracellular membrane G-proteins — universal intermediaries in the transmission
of hormonal signals from the cell membrane receptors to effector proteins, causing the final
cellular response. The establishment of the spatial structure of rhodopsin is so important because
rhodopsin as the “originator” of the family of GPCR-receptors is a “model” for the structure and
function of other receptors that it is extremely important from fundamental scientific and practical
points of view [7].

Spatial structure of rhodopsin was long defied by the study of "direct" methods — X-ray
diffraction and NMR spectroscopy, while the molecular structure of related to rhodopsin
transmembrane chromoprotein bacteriorhodopsin [8] aving a similar structure, performing the
functions of ATP-dependent translocase in the cell membranes of halophilic microorganisms
pumped protons across the cytoplasmic membrane of the cell and is involved in the anaerobic
photosynthetic phosphorylation (non-green synthesis), was determined as early as 1990. On the
contrary the structure of rhodopsin remained unknown until 2003 [9]. The opsin fragment of the
rhodopsin molecule has 348 amino acid residues in a polypeptide chain that is formed by seven
transmembrane o-helix segments situated across the membrane and joined with short non-helix
sections [10]. The N-terminus of a-helix is located in the extracellular region, while the C-terminus
— in the cytoplasmic region. The 11-cis-retinal residue is connected to one of the a-helixes, located
near the middle of the membrane, so that its long axis is parallel to the membrane surface (Fig. 2).
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It was also determined the dislocation of 11-cis-retinal aldimine bond with e-amino group of Lys-
296 residue located in the seventh a-helix.

Thus, 11-cis-retinal is mounted in the center of a complex highly organized protein in the
cellular membrane comprising rods. This structure provides a photochemical "adjustment” of
retinal residue, affecting its absorption spectrum. The free 11-cis-retinal in a dissolved form has an
absorption maximum in the ultraviolet region - at a wavelength of 380 nm, while rhodopsin
absorbs green light at 500 nm [11]. This shift in the wavelength of light is important from a
functional point of view; it is aligned with the spectrum of light that enters the retina.

Figure 2. The structure of rhodopsin according to computer modeling data

The absorption spectrum of rhodopsin is defined by properties of the chromophore — 11-cis-
retinal residue and opsin fragment. This range in vertebrates has two characteristic peaks — one in
the ultraviolet (A = 278 nm) due to the opsin fragment, and the other — in the visible region (A =
500 nm) corresponds to absorption of the chromophore (Fig. 3). Further transformation of
rhodopsin under the action of light to the final stable product consists of a series of very fast
intermediate stages. Investigating intermediates absorption spectra of rhodopsin in extracts at low
temperatures at which these products are stable, allows to describe in the detail the photochemical
changes of rhodopsin [12].
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300 400 500 600
A, nm.

Figure 3. Absorption spectrum of rhodopsin from the frog Rana temporaria (in water extract):
1 — rhodopsin (restored pigment); 2 — yellow indicator (discolored pigment)

Upon absorption of light photon it is occurred isomerization of 11-cis-retinal into 11-trans-
retinal (quantum yield, 0,67), that induces a conformational change in the protein and activates
photopsin and promotes its binding to G protein transducin, which triggers a second messenger
cascade [13]. Subsequent cycles of the photochemical reactions of rhodopsin lead to a local
depolarization of the membrane and the stimulation of the nerve impulse propagates along the
nerve fiber due to changes in ion transport in the photoreceptor (Fig. 4). Subsequently rhodopsin
restored (regenerated) with participation of retinal isomerase through steps: 11-trans-retinal — 11-
trans-retinol — 11-cis-retinol — 11-cis-retinal, the latter is connected with opsin to form rhodopsin.

Rhodopsin
(opsin-11-cis-retinal)

hv

Opsin

(]

11-cis-retinal 1 1-trans-retinal-opsin

. Nerve impulse
Retinal

isomerase

Opsin
11-trans-retinal

NADH + H"

Alcohol gehydrogenase

13-trans-retinol NAD

Figure 4. Photocycle scheme of rhodopsin: 1 — 11-cis-retinal in the dark links with protein opsin to
form rhodopsin; 2 — under light illumination occurs photoisomerization of 11-cis-retinal into
11-trans-retinal; 3 — 11-trans-retinal-opsin complex splits onto 11-trans-retinal and opsin; 4 — local
depolarization of the membrane and the occurrence of a nerve impulse propagates along the nerve
fiber; 5 — regeneration of the original pigment
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Bacteriorhodopsin and its applications

Bacteriorhodopsin (BR), named by analogy to the visual apparatus of mammalian
chromoprotein rhodopsin, was isolated from the cell membrane of extreme photo-organo-
heterotrophic halobacteria Halobacterium halobium in 1971 by D. Osterhelt and W. Stohenius.
This photo-transforming trans-membrane chromo-protein with the molecular weight ~26,5 kDa is
a chromoprotein determining the purple-red culour of halophilic bacteria, contained as
chromophore group an equimolar mixture of 13-cis-and 13-trans-retinol C20-carotenoid, bound by
Schiff base (as in the visual animal pigments) with Lys-216 residue of the protein.

In its structure and location in the cell membrane BR refers to integral transmembrane
proteins, penetrating the cell membrane, which is divided into three fractions: yellow, red and
purple. Purple fraction comprising on 75% (w/w) of cell membrane consists from carotenoids,
phospholipids (mostly phosphoglycerol diesters with a small amount of nonpolar lipids and
isoprenoids) forms a natural two-dimensional crystals which can be investigated using electron
microscopy diffraction methods as X-ray scattering [15]. These methods have established the
existence in the BR molecule seven o-helical protein segments, while in the middle are
symmetrically located a retinal residue (Fig. 5).

co00b 0P GO &0 d¢ ode ' o@o

Figure 5. The structure of BR from PM of halophilic bacterium H. halobium according
to computer modeling data

Polypeptide chain of BR consists of 248 amino acid residues, 67% of which are hydrophobic,
formed with the aromatic amino acids, and 33% — hydrophilic residues of aspartic and glutamic
acids, arginine and lysine [16]. These residues play important structural and functional role in the
spatial orientation of the o-helical segments of the BR molecule, arranged in PM in an orderly
manner forming trimers with an average diameter ~0,5 um and a thickness 5-6 nm; each trimmer
is surrounded by six others so that to form a regular hexagonal lattice [17]. The BR molecule
arranged in a direction perpendicular to the plane of the membrane. Hydrophobic domains
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represent transmembrane segments and hydrophilic domains protruding from the membrane,
connect the individual a-helical intramembranous segments of the BR molecules.

BR acts as a light-dependent proton pump, pumping protons across the cell membrane and
generates an electrochemical gradient of H* on the surface of the cell membrane, which energy is
used by the cell for the synthesis of ATP in the anaerobic photosynthetic phosphorylation.
The mechanism of ATP synthesis is called “non-chlorophyll photosynthesis”, in contrast to the
plant photosynthesis with the participation of chlorophyll. In this mechanism, at absorbtion of a
light photon BR molecule became decolorized by entering into the cycle of photochemical
reactions, resulting in the release of a proton to the outside of the membrane, and the absorption of
proton from intracellular space. By the absorption of a light photon is occured reversible
isomerization of 13-tras-BR (Amax = 548 nm) (the quantum yield 0,03 at 20 °C) in the 13-cis-BR
(Amax = 568 nm) [18], initiating a cascade of photochemical reactions lasting from 3 ms to 1 ps with
the formation of transitional intermediates J, K, L, M| N, and O, followed by separation of H* from
the retinal residue of BR and its connection from the side of cytoplasm (Fig. 6). As a result,
between the internal and external surface of the membrane forms a concentration gradient of H-,
which leads that illuminated halobacteria cells begin to synthesize ATP, i.e. convert light energy
into energy of chemical bonds. This process is reversible and in the dark flows in the opposite
direction. In this way the BR molecule behaves as a photochromic carrier with a short relaxation
time — the transition from the excited state to the ground state. Optical characteristics of BR vary
depending on the method of preparation of PM and the polymer matrix.
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Figure 6. Photocycle scheme of BR (aqueous solution, pH = 7.2, t = 20 °C). Latin numbers J, K, L,
M, N, O denote the spectral intermediates of BR. M, and M. represent spectral intermediants of
meta- bacteriorhodopsin with the protonated and deprotonated aldimine bond. The superscripts
correspond to the position of the absorption maximum of the photocycle intermediates (nm)
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BR is the focus of bio-and nanotechnology because of its high sensitivity and resolution, and
is used in molecular bioelectronics as natural photochromic material for light-controlled electrical
regulated computer modules and optical systems [19, 20]. In addition, BR is very attractive as a
model for studies related to the research of functional activity and structural properties of photo-
transforming membrane proteins in the native and photo-converting membranes [21].

Nanofilms produced using the BR-containing purple membranes (PM) of halobacteria were
first obtained and studied in this country in the framework of the project “Photochrome”, when it
was demonstrated effectiveness and prospects for the use of BR as photochromic material for
holographic recording (Fig. 7). The main task for the manufacture of BR-containing nanofilms is
the orientation of PM between the hydrophobic and hydrophilic media. Typically, to improve the
characteristics of the BR-containing films use multiple layers of PM that are applied to the surface
of the polymeric carrier and dried up, preserving their natural structure. The best results are
achieved in the manufacture of nanofilms based on gelatin matrix [22]. This allows to achive high
concentration of BR (up to 50 %) in nanofilms and avoid aggregation of membrane fragments and
destruction of BR in the manufacturing process [23]. Embedded in a gelatin matrix PM fragments
are durable (~104 h) and resistant to solar light, the effects of oxygen, temperatures greater than
80 °C (in water) and up to 140 °C ( in air), pH = 1—12, and action of most proteases [24]. Dried PM
are stacked on top of each other, focusing in the plane of the matrix, so that a layer with 1 um
thickness contains about 200 monolayers [25]. When illuminated such nanofilms exert the electric
potential 100-200 mV, which coincides with the membrane potential of living cells [26]. These
factors are of great practical importance for integration of PM into polymeric nanomatrix with
keeping photochemical properties.

Figure 7. Artificial membrane from BR-containing PM in scanning electron microscope (SEM):
scanning area — 100 x 100 mm, resolution — 50 nm, magnification — 100000 times.
PM shown in purple, BR —in red color

Technology for preparation of BR consists in growing of halobacteria on liquid synthetic
growth media (with 15-20 % (w/w) NaCl) with amino acids, or on natural growth media with
peptons — mixtures of polypeptides and amino acids derived from the partial hydrolysis product or
powdered milk, animal meat by proteolytic enzymes (pepsin, trypsin, chymotrypsin), or protein-
vitamin concentrate of yeast [27]. The subsequent isolation of BR from purple membranes is
carried out by a combination of physical, chemical and enzymatic methods [28]. Under optimal
growing conditions (incubation period 4-5 days, temperature 35 °C, illumination with
monochromatic light at A = 560 nm) in cells are synthesized the purple carotenoid pigment,
characterized as BR by the spectral ratio of protein and chromophore fragments D2go/Dses = 1,5:1,0
in the molecule.
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Within the framework of the research we described an effective method for isolation of BR
from PM of photo-organo-heterotrophic halobacterium H. halobium consisted by cellular autolysis
by distilled water, processing of bacterial biomass by ultrasound at 22 KHz, llocation of PM
fraction, purification of PM from low and high-molecular weight impurities, cellular RNA,
carotenoids and lipids, PM solubilization in 0,5 % (w/v) solution of the ionic detergent SDS-Na to
form a microemulsion with the subsequent fractionation of the protein by methanol [29].
The protein is localized in the PM; the release of low molecular weight impurities and intracellular
contents is reached by osmotic shock of cells with distilled water in the cold after the removal of
4,3 M NaCl and the subsequent destruction of the cell membrane by ultrasound at 22 kHz. For the
destruction of cellular RNA the cellular homogenate was treated with Rnase I. Fraction PM along
with the desired protein in a complex with lipids and polysaccharides also contained impurity of
related carotenoids and proteins. Therefore, it was necessary to use special methods of
fractionation of the protein without damaging its native structure and dissociation.

BR being a transmembrane protein intricately penetrates bilipid layer in form of seven a-
helices; the use of ammonium sulfate and other conventional agents to salting out did not give a
positive result for isolation of the protein. The resolving was in the translation of the protein to a
soluble form by the colloidal dissolution (solubilization) in an ionic detergent. Using as the ionic
detergent SDS-Na was dictated by the need of solubilization of the protein in a native, biologically
active form in complex with 13-trans-retinal, because BR solubilized in 0,5 % (v/v) SDS-Na retains
a native a-helical configuration [30]. Therefore, there is no need the use organic solvents as
acetone, methanol and chloroform for purification of lipids and protein, and precipitation and
delipidization is combined in a single step, which significantly simplifies the further fractionation.
A significant advantage of this method is that the isolated protein in complex with lipids and
detergent molecules was distributed in the supernatant, and other high molecular weight
impurities — in unreacted precipitate, easily separated by centrifugation. Fractionation of
solubilized in 0,5 % (w/v) SDS-Na protein and its subsequent isolation in crystalline form was
achieved at 4 °C in three steps precipitating procedure with methanol, reducing the concentration
of detergent from 0,5; 0,25 and 0,1 % (w/v) respectively. The final stage of BR purification involved
the separation of the protein from low-molecular-weight impurities by gel-permeation
chromatography on dextran Sephadex G-200 Column balanced with 0,09 M Tris-borate buffer (pH =
8,35) with 0,1 % (w/v) SDS-Na and 2,5 mM EDTA (output of the protein 8—10 mg).

Absorption spectrum of PM purified from carotenoids (4) and (5) (chromatographic purity
80-85 %) is shown in Figure 8 at various processing stages (b) and (c) relative to the native BR (a).
Formation of retinal-protein complex in the BR molecule leads to a bathochromic shift in the
absorption spectrum of PM (Fig. 8c) — the main band with (1) with the absorption maximum at A =
568 nm caused by the light isomerization of the chromophore by the C13=C14 bond is determined
by the presence of 13-trans-retinal residue in BR5%3; additional low-intensity band with (2) at A =
412 nm characterizes a minor impurity of a spectral form of meta-bacteriorhodopsin (M4:2)
(formed in the light) with deprotonated aldimine bond between 13-trans-retinal residue and
protein; the total bandwith (3) with A = 280 nm is determined by the absorption of aromatic amino
acids in the polypeptide chain of the protein (for native BR D2go/Dses = 1,5 : 1,0).
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Figure 8. The absorption spectra of the PM (50% (v/v) ethanol) at various stages of processing;:
(a) — natural BR; (b) — PM after intermediate treatment; (¢) — PM purified from carotenoids.
The bandwith (1) is the spectral form of BR5%8, (2) — impurity of spectral form of meta-
bacteriorhodopsin (M4:2), (3) — the total absorption bandwith of aromatic amino acids,

(4) and (5) — extraneous carotenoids. As a control used the native BR

Iodopsin

Iodopsin is a violet, light-sensitive pigment of the retinal cone cells, responsible for color
vision, and close analogue of rhodopsin. This pigment consists of a protein photopsin linked with a
chromophore, retinal residue. According to the three-component theory of vision, it is believed that
there have to be three types of this pigment and accordingly three types of cones that are sensitive
to blue, green and red light. Iodopsin consists of three pigments — hlorolab, eritrolab and tsianolab.
With the densitometry method W. Rushton studied the coefficient of light absorption in the photo
layers of the retina with different wavelengths [31]. The hlorolab pigment absorbs the rays
corresponding to yellow-green (450—630 nm absorption band), the eritrolab — yellow and red (A =
500-700 nm), and the tsianolab — blue-green (A = 500—700 nm) parts of the visible spectrum [32].
The different types of cones have not yet been found.

Color vision

The retina has three types of cone cells — S, M and L cells, having a different sensitivity to
different parts of the visible range of the spectrum (Fig. 9). The cone cells of S type have a spectral
range from A = 400 to A = 500 nm with a maximum peak at A = 420—440 nm, the cone cells of M
type — from A = 450 to A = 630 nm with a maximum peak at A = 534—555 nm, while the cone cells
of L type — from A = 500 nm to A = 700 nm with a maximum peak at A = 564—580 nm. As the
curves of the sensitivity of the cone cells overlap, it is impossible for monochromatic light to
stimulate only one type of cone cells. The other types of cone cells react though to a lesser degree.
The set of all possible values of the color combinations causing a visual reaction determines the
human color space. Human brain generally can discern approximately 10 million of different
colors.
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Figure 9. Spectral sensitivity of the different types of receptor cells (cones) in the retina

Additive mixing of colors
The electromagnetic waves spectrum stimulates the different types of cone cells from the

three types S, L and M to a different degree. The red light stimulates the L cone cells more than the
M cone cells. The blue light stimulates the S cone cells in the strongest way. The yellow-green light
provides a strong stimulation to the L. and M cone cells, and a weaker stimulation to the S cone
cells. The brain then combines the information from all types of cone cells for different
wavelengths and analyzes them as different colors.

The analyses for the activity of the three types of cones — S, L. and M in the perception of
colors also shows how the brain “deciphers” the colors. The foundation of this analysis, shown in
Figure 10, was made by M. Marinov and I. Ignatov in 2008. However, it is not clear whether the
green color we perceive is a combined effect of yellow and blue, or whether it corresponds to a
wavelength of the green color from the visible spectrum. Our brain can register the colors, i.e. the
green color as a spectrometer, with certain lengths of the electromagnetic waves. It can also register
the green color as a mixture of yellow and blue. The full perception of colors by the visual analyzer

cannot be defined by a spectrometer.

Figure 10. Spectral sensitivity of the visual analyzer
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As an example in the mixing of electromagnetic waves that correspond to green and red color,
yellow color is obtained. In the mixing of green and red, no medium color is obtained; the brain
therefore perceives it as yellow color [33] (Ignatov, & Mosin, 2013). When there is an emission of
electromagnetic waves that correspond to green and red color, the brain adopts an “average
decision” — yellow (Fig. 11). Analogously, for the yellow and blue color, the brain adopts an
“average decision” — green. This means that a spectral mixing of colors is observed between the
blue-yellow and green-red pairs [34]. In its turn, green and blue color is perceived as cyan. Vision
sensitivity is at its lowest for the violet, blue and red color. The mixing of electromagnetic waves
that correspond to blue and red color is perceived as violet. In the mixing of electromagnetic waves
that correspond to more colors, the brain does not perceive them as separate or average, but as a
white color. Thus the notion of color is not determined solely by the wavelength. The analysis is
performed by brain, and the notion of color is at its essence a product of our consciousness.

Figure 11. Additive mixing of colors

Conclusions

The mechanism of color perception by the visual analyzer have been carried out by the
authors using photoreceptive chromo-protein rhodopsin as a model. A further research into the
function of rhodopsin and other retina affiliated chromo-proteins as iodopsin will allow investigate
in detail the mechanism of visual perception of light for better treatment of functional eye diseases
in ophthalmology. It should be noted that rhodopsin up till now remains to be the most studied
model chromoprotein of all GPCR-receptor family. This allowed us to better analyze the functional
properties of another analogous trans membrane bacterial chromoprotein — bacteriorhodopsin
isolated from purple membrane of halobacterium H. halobium in semi-preparative quantities, and
study its application in nanotechnologies.
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AnHOTamusa. B 5Toll 0030pHOIN CTaThe PACCMOTPEHBI IPEUMYIIECTBEHHO CTPYKTypa H
(OYHKIIMU KUBOTHBIX M OAKTEPUAIBHBIX (DOTOPEIENTOPOB MUTMEHTOB (POAOIICHH, HOOICHH,
OaKTEPHOPO/IONICH) W OCHOBHBIE AaCIIEKThl X HAHO- U OMOTEXHOJIOTHE HCIIOIb30BaHMA. Ha
npuMepe 6aKTEPHUOPOIOIICHA OIIMCAH CIOCO0 €ro BhIJIeJIEHUS U3 MyPIIyPHBIX MeMOpaH aspoOHOM
JKCTpeMaJibHOU (doToopranoTpodHoi ramobakrepunt Halobacterium halobium, 3axodaroniuics
B KJIETOYHOM aBTOJIM3€ ANCTWLIIMPOBAHHOM BOJOHM, 00pabOTKOI OakTepHasibHONM OHMOMAacChl
YJIBTPa3BYKOM IIpH 22 K['II, CIUPTOBOM SKCTPAKIMU HU3KUX U BBICOKOMOJIEKYJIIPHBIX IIPUMeECEH,
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kierounor PHK, KapoTHHOWZOB U JIMIHUAOB, KOJUIOMAHOM pacTBOPeHHH B 0,5 % SDS-Na,
dpaknmoHupoBaHueM 06eJIKa METAHOJIOM U TeTb-(UIBTPAIMOHHYI0 XpoMaTorpaduio Ha KOJIOHKE
Sephadex G- 200, ypaBHOBelIeHHOH 0,09 M Tpuc-60opaTHbiM Oydepom (pH = 8,35) ¢ 0,1 % SDS-
Na u 2,5 MM DJITA. B pamkax pabOThl OB HCCJIEIOBAaH MeXaHH3Ma BOCIPHATHS IIBETa
3PUTETBLHBIM aIlIapaToM KJIETKH, HMEIOIITUM CIIOCOOHOCTD OIIPEAEIATD OIpeie/IeHHbIe JUana30HbI
ONITUYECKOTO CIIEKTPA KakK I[BETA, a TaK)Ke OBbLT MPOU3BE/IEH aHAINU3 aJJTUTUBHOTO CMEIIeHUsI IBYX
IIBETOB. BhLJIO OKAa3aHO, UTO IIPU CMENIEHUH 3JIEKTPOMATrHUTHBIX BOJIH C PA3JIMYHBIMU JJTUHAMU
BOJIH, 3pUTEJIbHBIA aHAJIN3ATOP BOCIIPUHUMAET UX B BUJIE OT/IEJIbHOU MJIU CpeIHEN JJTUHBI BOJIHBI,
COOTBETCTBYIOIIEN CMENIAaHHOMY IBETY.

KiaroueBble cJioBa: 3peHHE; POJOICHUH; HOJONCHUH; OaKTEPHUOPOJIONICHH; aJHUTHUBHOE
CMeIlleHHe [IBeTa.

119




European Journal of Molecular Biotechnology, 2014, Vol.(5), N2 3

Copyright © 2014 by Academic Publishing House Researcher

o 2013 Academic Publishing

X % & ,  Published in the Russian Federation European Journal
* »  European Journal of Molecular Biotechnology psETas
* * Has been issued since 2013. 7 4

ISSN: 2310-6255
E-ISSN 2409-1332
Vol. 5, No. 3, pp. 120-130, 2014

DOI: 10.13187/ejmb.2014.5.120
www.ejournal8.com

UDC 628.543. 35: 579.22

The Research of Growth Capability Intensification and Lipolytic Activity of Fat
Splitting Microbial Cultures by Influence of Natural Mineral Components

10lga V. Kolotova
2Trina V. Vladimtseva
3Svetlana N. Orlova
4Irina V. Sokolova

-4Volgograd State Technical University, Russian Federation
28, Lenina Avenue, Volgograd, 400131

1PhD (Technical), Associate Professor

E-mail: olgakolotova@mail.ru

2Dr. (Biology), Professor

E-mail: alexvlad32@yandex.ru

3 Post graduate student

4PhD (Biology), Associate Professor

E-mail: mogi-irina@yandex.ru

Abstract

23 bacterial strains with lipase activity were separated from the waste water of the meat-
processing enterprises and Volgograd water-handling facilities aeration tank. There were studied
their morphological, cultural and biochemical properties and their animal and vegetable fat
splitting ability. Comparative analysis of fat splitting ability has been carried out for searched
strains and devices of enzyme activity increasing and growing process intensity of searched
microorganisms were investigated. Mineral nature ingredients — the lake Elton brine, the
bischofite, the Dead Sea salt — were added in the culture mediums for increasing of biomass
accumulation. It has been investigated that addition of the brine into the culture medium in 5 %
concentration increases the growth rate of producer lipase on 293 % in comparison with growth of
the control medium without the brine. Addition of 0,25 % the Dead Sea salt concentration
intensifies the growth on 317 % in comparison with the control medium. Laboratory simulation of
fat waste water purification process has been realized with one of separated activity bacterial
strains and it has been showed that addition of the 0,5 % bishofite into the fermenter stimulates
lipase activity of the searched microorganisms.

Keywords: waste water; biological purification; fat biodegradation; lipase activity;
bischofite; brine; the Dead Sea salt.

BBeaenue

Pa3zBuTne nuieBbIx npeAnpuATHid B Poccuu, MoBbIIIeHNe HAarPy3KU Ha BOJIOOTBOJSAIIVE U
OUYHCTHBIE COOPYKEHHUS JJIsI MPOMBINIJIEHHBIX U XO3SHCTBEHHO-OBITOBBIX CTOKOB 3a TOCJIEIHUE
TOZbI, CZEJa0 OCOOEHHO AaKTyaJbHbIM pellleHHe IPOoOJeMbl OYHUCTKU CTOYHBIX BOJ OT
MACJIO’KUPOBBIX 3arps3HeHud. Tak, /1011 MPOU3BOACTBEHHBIX CTOUYHBIX BOJ B 00IIEM 0OOBEME
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CTOKOB MsCOIlepepabaThIBAIOIIETO IPEAIPUATHS COCTABIIAET 70—75 %. 113 HUX OKOJIO 50 % CTOKOB
coZiepaKaT KUpPOBble 3arpsa3HeHus [1]. HemocTaTouHas OYMCTKA CTOKOB OT JKHUpPA NMPHUBOAUT K
«3apaCcTaHUI0» KAaHAIMBAIUOHHBIX TPYy0D U KOMMYHHKAIIUHM, YMEHBIIEHUIO HUX IMPOIYCKHOMN
CIOCOOHOCTH, TIOABJIEHUIO HENPHUATHBIX 3alaXOB BCJIEJCTBHE THHEHUS OPraHUYECKUX BEIECTB,
cHIKaeT 3(HEKTUBHOCTh PAOOTHI OUMCTHBIX COOPYKeHUH. 2 KUPBI IpeACTaBIAIOT COOOH CIIOXKHBIE
OpraHIYecKHe BEIIECTBA, 3a4aCTYI0 ITOCTYHAIOIIE B OUUCTHBIE COOPYKEHUS B TBEP/IOM COCTOSTHUU
U HEJOCTyIHBble /I YCBOEHM:A AaKTHBHBIM WJIOM aspoTeHKoB. Kak mnokasanu wucciieoBaHUA
MOCKOBCKOTO TOCYZIJapCTBEHHOTO CTPOUTEIHLHOTO YHUBEPCUTETA, TOPOJCKHE OHOJIOTHYecKre
OUYUCTHBIE COOPYKEHHS CIIOCOOHBI OCYIIECTBJIATh OMOXUMHUYECKYIO JECTPYKLIHIO >KUPOB IIPHU
COBMECTHOM HX IPHUCYTCTBUU B 3MYJIbTUDOBAaHHOM U DAacTBOPEHHOM BHJle, COOTBETCTBEHHO, B
CJIEIYIOIIUX KOHIIEHTPAIUaX: 10 U 80 Mr/ji; 20 u 50 Mr/ja; 30 u 20 mr/ia [1]. B cBsA3u ¢ aTuM,
CTOYHBIE BOJIbI, IOCTYIAIOI[We Ha OHOJIOTUYECKHe OYHCTHBIE COOPYKEHHUs, JOJDKHBI HMETh
yKa3aHHble ToKa3aresnn. [loaTomy BaxkHelIIee 3HaUeHHE MPHOOpeTaeT JIOKAJIbHASA OUMCTKA CTOKOB
OT MAaCJIO>KUPOBBIX IPUMeECEN HEITOCPEICTBEHHO HA MPENPUATHAX ITepes; COPOCOM UX B TOPOJICKUE
KOJUIEKTOPBL. B TO ke BpeMs MeXaHWYecKOoe OT/AeJeHUE TBEPZOTrO *KUpa OT CTOKA 3HAUYHUTEIHHO
COKpaIaeT Harpy3Ky Ha COOpY:K€HUs OHMOJIOTUYECKOW OYHMCTKH, HO HE MPUBOAUT K PEIIEHHUIO
po0JIEMBI YTUIIU3AIUN KHPOBOUM MacChl - 3a0UTHIE KUPOM KOJIOZIIBI, JKUPOYJIOBUTETU TPEOYIOT
MIEPUOANYECKON OTKAYKH COOPAHHOTO KHUpa U ero rnepepadbotku. OcobeHHO cepbe3HOH mpobJieMoit
sIBJISIETCST 00pabOTKA OCAZIKOB M3 OTCTOMHUKOB — JKHPOMACCHI U JIOHHBIX 0caakoB [1]. HeoOxomnma
pazpaboTka 3G@PEKTHUBHBIX METOJOB HE TOJIBKO OYHCTKU CTOYHOU BOJBI OT KUPOB, HO H
YTIWIN3AIUU U 00€3BPeKUBAHUS OT/IEIAEMOU OT BOJIBI JKHPOBOI MacChl.

OIHUM U3 TEPCIEeKTHUBHBIX CIHOCOOOB pelIeHUs YKAa3aHHBIX MPOOJIeM — SBJISETCS
6uodepMeHTHAA TEXHOJIOTUA PA3JIOKeHUs KUPOBBIX 3arpsA3HeHuil. buodepMeHTHbIE TEXHOJIOTUU
[0 Pa3JIOKEHUI0 M YTUIU3AIMU >KUPOB B CTOYHBIX BOJAX OCHOBAHBI HA WCIIOJIb30BAHUU
MUKPOOHBIX JINTIa3 1 MUKPOOPTaHU3MOB, CIIOCOOHBIX K UX IPOAYNIMPOBAHUIO. B HacTosIee BpeMs
IIpUMeHeHrue OMOIPENapaToB, COAEPIKAIINX KOMIUIEKC CIIENHAIbHO IOA0OPAaHHBIX AKTHUBHBIX
MHUKPOOPTAaHU3MOB-ZIECTPYKTOPOB, /Il OYUCTKH CTOYHBIX BOJ[ CTAaHOBHUTCS Bce OoJiee
MacmtabupiM. OmHAKo, Ha pblHKe Poccuiickoit ®enepanuu MpeACTaBIEHBI JIUIIb HECKOJBKO
IIPerapaToB, B OCHOBHOM 3apy0eKHOTO IMPOUCXOXKAEHUs [2]. Acconuanmuy MHUKPOOPTAaHU3MOB
(rpuboB u GaKTEpUIl), BXOAAIINX B COCTaB MOJOOHBIX OHOIpPEnapaToB pasJaraioT yraeBOAOPOIbL,
JKUpBI, 6esiku u yrieBosibl, cHkaA XIIK u BITK Boapl, yoasisioT HENPUATHBIE 3al1axH, YCTPAHAIOT
3aCOPBI B JKUPOOTBOAIINX CUCTEMAX, TOJIZIEPKUBAS UX JIJTUTEILHOE BpEMS B pab0YeM COCTOSHUH.
®depmeHTHBIE CUCTEMBI a0COIOTHO 0Ge30macHBI /IJIsI KOMMYHUKAIUHE, apMaTyphl, IUIACTMACCOBBIX
JleTasiei, MPOKJIa/IOK, He pa3pylaoT TpyObl. IIpu peryysispHOM U MPaBUJIBHOM NPUMEHEHUU OHU
CYIIECTBEHHO INPOJJIEBAIOT CPOK 3KCIUIyaTallUM CHCTEMbI CTOYHOHN KaHanus3auuu. Mcnosp3oBaHue
OuornpernapatoB He TpeOyeT NPUMEHEHHS JIOPOTOCTOSIIEr0 OOOPYZIOBAHHA, OTMEYaeTCs
CoKpaleHre 00beMOB >KUPOBBIX OTXOI0B, 0OPa3yIOIUXCA MPU 3KCILIyaTaIllUU KUPOYIOBUTEIIEN.
[IpepnpusATUaAM, He HUMEIOIIUM OYHCTHBIX COOPYKEHUA U COPACHIBAIOIIUM CTOYHBIE BOJBI B
[EHTPAIN30BAaHHYIO CHCTEMY KaHAIM3AIlMH, YJIyJIIeHHe WX KadecTBa II03BOJISIET YMEHBIIUTD
pa3mepsl mrpados [1].

JKCrepuUMeHTaJIbHbIE HCCJIEJIOBAHUS CBUJIETEIBCTBYIOT O TOM, UYTO MHKPOOHBIE JIMMA3bI
SIBJIAIOTCA (epMEHTaMU € IIUPOKOH CHEeNU(PUUHOCTBI0O W OOJBIIUM PaszHOOOpa3veM CBOWCTB.
CpoiicTBa JiMIa3 W XapaKTep JIMIOJUTHYECKOW AaKTUBHOCTH JakKe y OJHOTO poAa MOTYT
3HAYUTETHLHO BAPbUPOBATh. V3yueHre MUKPOOHBIX JIIIA3 MIPEACTABIISET OOJIBIIION TEOPETHIECKUHI
U TPAKTUYECKUH WHTEPEC, TaK KaK OHH MOTYT OBITh WCIIOJIb30BAHBI IIPU THAPOJIU3E
Pa3HOOOpPA3HBIX JKUPOBBIX cybcrparoB [3]. JIumaspl KaTaIU3UPYIOT THUAPOJIN3 KHUPOB U Macesl C
oOpa3oBaHMeM JUANWITJINIEPUIOB, MOHOAIIWITJIUIIEPUOB, TIJIMIEPUHA U JKUPHOU KHUCJIOTHI.
Karabosm3m BKJIIOYAaeT TPU OCHOBHBIX (a3pl IpeBpallleHUs OpPraHUYEeCKUX BeIleCTB
opranotpodamu. B repBoii ¢aze ¢ mOMOINIBI0 5K30(pepMEHTOB OAKTEPUH THPOTUIYIOT JIUMIU/IBI 10
JKUPHBIX KHUCJIOT U IJIMI[EPUHA, KOTOpble MOTYT JIETKO TPAHCHOPTHPOBATHCA B IUTOILIA3ZMY.
Bo BrOopoif (aze mocTynuBiIve B IUTOILUIA3MYy OpPTaHUYECKHE BelllecTBA PaCHIEIUIAIOTCA 0
dparmeHTOB, coZepKAIUX /JBa-TPU YIJIEPOAHBIX aTroMa. B TpeThell ¢ase 3TH coeAUMHEHUA
OKHUCJIAIOTCA /10 YIJIEKHCJIOTO Tasa M BOZABL. [4]. JIumasel MOXKHO pasfesuTh Ha JBE TPYIIBL:
cneruduuHble U HecneliuduaHble. PepMeHThI U3 IEPBOM I'PYNIIBI THAPOJIU3YIOT CJI02)KHO3(pUPHbIE
CBAA3U B IIEPBOM IJIM BTOPOM IIOJIOKEHUHU. MHOrme MHUKpPOOHBIE JINIAa3bl OOBIYHO THAPOIUIYIOT
IEpBUYHbBIE CJIOKHO3GUPHBIE CBA3U (a-adupHBle CBA3U). B rupposmsaTax ¢ ydacTheM TaKUX
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(bepMeHTOB OOBIYHO OOHAPYKUBAIOTCA JKUPHBIE KHUCJIOTHI, 2,3- €W 1,2-AUTJTAIEPUJIBI,
2-moHoHIepuibl. [lpu 6osiee JIUTENTBHBIX THUAPOJIN3aX >KUPHOKUCIOTHBIA OCTaTOK U3
2-MOHOIJIMIIEPH/IA MUTPUPYET B IIEPBOE MOJIOKEHHE ¢ 00pa30BaHUEM 1-MOHOIJIHIEPU/IA, KOTOPBIH
JIETKO THUAPOJIN3YETCA cHerupUIHON U301 ¢ 00pa30BaHUEM IVIUIIEPUHA U KUPHON KUCJIOTHI.
Koroii rpynme ortHocaTcs Jsumasbl u3 Rhizopus arrhizus, Rhizopus delemar, Rhizopus
microsporus, Mucor miechei, Aspergillus niger, Pseudomonas sp. u T.1.

Jlumasbl BTOPOH TpyHIbl He pasjaudyaloT 3(GUPHBIE CBA3H BO BCEX TpPeX IOJIOKEHUSX
TPUTJIUIIEPUAHON MOJIEKYJIBI U CIOCOOHBI IOABEPTaTh CyOCTPAT TOTAJIBHOMY THJIPOJIU3Y.
B rugposinzaTax TpUIJIHIIEPU/IOB C YJaCTHEM BTHUX BHJIOB JIMIIA3 OOHAPYKUBAIOTCS, KaK IMPAaBUJIO,
OCTAaTK{ TPUIJIHIEPU/IOB (HETHAPOJM30BaHHAS YacTh), IVIMIEPUH W KUPHBbIE KUCIOTHL. Takue
sinasbl 6pLTH BhIZIesIeHbI 3 Geotrichum candidum, Oospora lactis, Humicola lanuginosa u T. 1.
AKTHBHOCTH JIMIIa3 3aBHCHT OT JJIMHBI IEMOYKU U CTENEHH HACBHIIIEHHOCTH KUPHOHU KHUCJIOTHI.
Jl>xkeHcoH omucan, uro jumnasa Geotrichum candidum mposiisia BbICOKYIO crienuUUHOCTh K
OJIEMHOBOU U JIMHOJIEBOUM KHUCJIOTAM HE3aBUCUMO OT UX ITOJIOKEHUS B MOJIEKYJIaX TPUTJIUIIEPH/IOB.
Takumu ke cBoricTBaMu 001a/1a10T Jinnasel U3 Achromobacter lipolyticum, Torma kak sinmnasa us
Aspergillus niger nposiBisisia 60JbIIyIO crIeUPUIHOCTh K CTEAPUHOBOM KHUCJIOTE W MOJIEKYJIAM
cybcrpaToB. [5]. YcTaHOBJIEHO TakKe, YTO JKUPHBIE KHUCJIOTHI, 00pa3ymomiuecsi B pe3yJIbTaTe
dbepmenTatuBHOTO THAposM3a ¢ ydactheMm Alcaligenes faecalis u Bacillus licheniformis,
BBIZIEJIEHHBIX W3 CTOYHBIX BOJ TOCJIE IIPOIlecca 3MYJICHOHHOTO 00e3:KUPUBAHUS OBUMHHO-
IIIyOHOTO CHIPBsI, B JaJIbHEHITIIEM BOBJIEKAIOTCS B ITUKJI TPUKAPOOHOBBIX KHUCJIOT M IMOCIEAYIONAsT UX
JIECTPYKITUSI COITPOBOK/IAETCsSI YMEHbIIIEHUEM JIJIMHBI YTJIEBOAOPOAHON IENOYKH U 00pa30oBaHUEM
0o0J1ee CUJILHBIX KHCJIOT [6], [7].

PoccuiickuMu y4€HBIMU aKTHBHO Pa3BUBAETCs JIAHHOE HAIIpaBJIeHUE HcCie/loBaHui. Tak, B
pabore [8] mpoBezeHa cpaBHHUTENbHAsA OIEHKA 7 MHUKpoopraHusMoB: Oakrepuii (Bacillus
mesentericus, B.subtilis, Acinetobacter sp.), rpu6oB (Aspergillus orysae, Penicillium orysae),
npoxcxketi (Candida scottii, Yarrowia lipolytica), mo mokasaresisiM JIMIIOJTUTUYECKOH aKTHBHOCTH,
COZIEP>KAHUIO KJIETOUHOTO OesIKa M XapaKTEPUCTUKAM POCTA HA JKUPOCOAEPKAIINX MUTATETbHBIX
cpefax. YcraHoBsieHo, uTo apoxcoku  Y.lipolytica, oOsagarormue JIydIIuMH — POCTOBBIMU
XapaKTEPUCTHKAMH, CIOCOOHBI AaCCHMHUJIHMPOBATh A0 95 % JKUPOBBIX OTXOJIOB OT HX OOIIEro
coJiep;KaHUs B cpefie, a oOpasymlasicsa O0rnoMacca COJEPKUT He MeHee 42 % HCTHHHOTO OeJika.
Kpome TOrO, aBTOpOM IOKa3aHO, YTO BBEJAEHUE B IMUTATEJIBHYIO CPEy MOHOB KaJUA U KAJIBIIHSA
OKa3bIBAIOT CTUMYJIMPYIOIlee JIEHCTBHE Ha SK30JIUNA3y APOXOKEH, UTO IO3BOJISET IOBBICUTH
JINTIOJTATUYECKYI0 aKTUBHOCTh Ha 4-5 %, a jobaBiieHHE IMEePEKHCH BOAOpPOJa B KOHIIEHTPAIMH
2,5T/71 K TIOCEBHOMY MaTepHasly 3HAUYUTEJIbHO YCKOPSJI IIPOIEeCC OMOKOHBEPCHH KUPOBBIX
OTXO/IOB.

CoBpemMeHHbIe OWoOIpenapaTbl IS OYHCTKA CTOYHBIX BOJ, — 3TO KOHCOPIIHYMBI
MHKPOOPTaHU3MOB, BbIJIEJIEHHbIE METO/IOM HAKOIHUTEJIbHBIX KYJIbTYp OOBIYHO W3 aKTUBHOTO HJIa
A9POTEHKOB JIOKAJIBHBIX WU TOPOJCKUX COOPYKEHHH OYHCTKU CTOYHBIX BOjZl. Bmompemaparsl,
coziepsKalie OrpaHUYEeHHOE YHCJIO BUIOB MUKPOOPTaHU3MOB, 10 CIIEKTPY pa3JjiaraeMbIX BEIECTB
YCTYIAIOT CBEXXEMY aKTUBHOMY wiy. OTHAKO OHH COZEepPKaT OBICTPO PACTYIIHE IIITAMMbI, KOTOPBIE
WHUIUHUPYIOT MPOIECChl PA3JIOKEHUsI OPTraHUYECKUX 3arpsA3HeHui. B HecTepuIbHOM Mpolecce
Pa3BUBAIOTCS TaK:Ke MUKPOOPTaHU3MBbI, COZiepKalllfecss B OTXOZaX, U B MUKPOOHOE COODIIECTBO
BKJIIOUAIOTCsI HEZIOCTAIOIIME 3BeHbs [9].

Tak, B pabore [10] 3 00pa3moOB aKTUBHOTO MJIa OYKMCTHBIX COOPYXKEHHH MSICOKOMOWHAaTa
BbIZIeJIeHA W  UJAeHTU(HUIMpOBaAHA Tpylma HOBBIX IITaMMOB OakTepuii poma  Serratia,
MIPOSIBJISIIONIUX BBICOKYIO JIUIIOJTUTUYECKYI0 aKTUBHOCTh. ABTOPOM YCTaHOBJIEHO, UTO HCCIIEAYEMBIE
MHKDPOOPTaHU3MbI CHOCOOHBI OCYIIECTBJIATh 100% OHOZETpaZialiiio KUPOB PACTUTEIBHOTO H
JKHBOTHOTO TPOUCXOXK/eHus. [loka3aHO TakiKe, UYTO BBEJEHUE B IIUTATEJIBHYIO CpeAy JIs
KYJIbTUBUPOBAHHUS JIUIOJIUTUYECKA AKTHUBHBIX MHUKDPOOPTAaHMU3MOB ONTHMAJIbHBIX KOHIIEHTPAIUH
COEBOM MYKU W aBTOJIM3ATa JIPOJKIKEH MOBBINIAET JIUIA3HYI0 aKTUBHOCTh B 10—16 pas, a MmoJiHast
JIECTPYKIUS KUPOBBIX 3arps3HEHUN OCYIIECTBJIseTcs 3a 96 4. KyJapTUBHpoBaHusA. Haumbosee
aKTUBHBI W3 HM3YYEHHBIX INITAMMOB Serratia marcescens 3allaTeHTOBAaH B KAa4yeCTBE OCHOBBI
Ouompenapara A1l OUMCTKU KUPOCO/IEPIKAIIIX CTOYHBIX BOJ [11].

000 «PCO-tpeiinuur» (r. MockBa) pazpaboTaH Ouompenapar Jjisi OYUCTKH BOJOOTBOISIITAX
KOMMYHHKAIIUH OT JKUPOBBIX 3arpsA3HEHUM, a TaK)Ke YTHJINU3AlUU >KHUPOB, CKOIUBIIUXCA B
s)kupoysioBuTessix [12]. Buonpenapar Mukpo3dum™ I'pus TpUT mpOU3BOAUTCA MPOMBIILIEHHBIMH
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MapTUSIMHU B BHJIE CyXOTO CIIOPOBOTO IOPOIITKA HA HKOJIOTHYECKH YHUCTOM IMUTAIOIIEM HOCUTEIIE U3
KYKypy3HOH MyKHU. TOT IOPOIIOK U BHOCUTCS B JKUPOYJIOBUTENb. [[J1s1 y100CTBa IMpenapaT MOKHO
BHOCUTH TAKKe uepe3 MOUKU U Tpamnbl. buoaectpykrop *kupoB Mukposzum™ I'pus Tpur cozepxut
OT CeMH 10 12 YHHKaJIbHBIX BHUOB KUBBIX CIOPOOOPA3YIOIIUX MHUKPOOPTaHU3MOB, CIIOCOOHBIX
yCBauBaTh KUPBI, OEJIKM, YIJIEBOJbI M IOJIHCAXapUAbl U O0OpPa30BbIBATh B KaueCTBE KOHEUHBIX
MIPOAYKTOB BOAY, YIJIEKUCIIBIU Ta3 U JIETKUH JOHHBIN ocaziok. [IpemapaT nmeer pabounii Auamna3oxH
pH or 4,25 510 10, Anama3oH paboyux TemMieparyp 5...50° C (onTumMaspHO 10...40° C), OAMHAKOBO
3¢ PeKTHBHO IEHCTBYET KaK B aHA3POOHBIX, TaK U B a3POOHBIX YCJIOBHSIX.

Takum o6pa3om, Ouompemnaparbl, CcojepsKallue KyJbTypbl JIMIHOPACIIEIJIIOINX
MHKPOOPTaHU3MOB MOTYT HAaWTH IIHPOKOE IPUMeHEHHe, KaK B OBITOBBIX YCJIOBHUSX, TaK U B
MIPOMBIIIJIEHHOCTH TIPU JIOKAJIBHON OYHCTKE CTOYHBIX BOJ, COJIEPIKAIINX Pa3HOOOPa3HbIE€ OTXObI
JKHUPOBOUM mpuposbl. CiieoBaTeIbHO, MOUCK HOBBIX AKTUBHBIX IITaAMMOB MHKDPOOPTaHH3MOB,
ObICTPO U 3 PEKTUBHO pasjiararoluX pa3IuJIHbIe JKUPOBbIEe CYyOCTPATHI, B IIMPOKUX JAUAalla30HaX
TeMIIepaTyp, B YCJIOBUSX MEHSIOIIErocsi XUMHUUYECKOTO COCTaBa CTOYHBIX BOJ SBJISETCS BechbMa
aKTyaJIbHOU 3a/jauei.

Ilesbr0 paHHOUM PaGOTHI OBUIO BBIZIEJIEHME W HW3YyUYeHHE OCHOBHBIX CBOWCTB
MHKPOOPTAaHU3MOB, CIIOCOOHBIX YTHJIM3UPOBAThH JIUIHIBI, a TaKKe HCCIeJ0BAHUE BO3MOKHOCTU
YBEJIUYEHHUsA CKOPOCTH POCTa JIUIIA30IMPOAYIIEHTOB IO, BIUSHHEM MPHPOAHBIX MHUHEPATbHBIX
BEIIECTB.

MarepuaJibl M METOAbI MICCIEIOBAHUA

Jlunupopaciemwifomue MUKPOOPTaHU3MBI BBIJIEJIAIM U3 HAJ0CAIOYHON  KUJKOCTU
AKTUBHOTO MJIA TOPOJICKUX OUHCTHBIX COOPYKEHUU M CMBIBOB C TEXHOJIOTUYECKOTO 000pYy/I0BaHUS
Bosrorpasckoro mscokombuHaTa. BeiiesieHre KUpOpacCHIEIUIAIONUX OAKTEPUATBHBIX IIITAMMOB
MIPOM3BOJAWJIM HA CeJeKTUBHBIX IUIOTHBIX IIUTaTeJIbHBIX CcpefiaX, CO/ep:Kallux B KadyecTBe
eJUHCTBEHHOTO HCTOYHHMKA YIVIEPOJA CBHHOW WJIM TOBSXKUU JKUP, a TakKe MUHepaJbHbIe
cosu [12].

MeToauKa BbIJIEJIEHUS MHUKPOOPTaHU3MOB 3aKJIIOUAIach B BbICEBe MPOO CTOYHOU BOABI U
HAJIOCA/IOUYHON JKUJKOCTH AKTHBHOTO Wia B O0beEMe 1 MJI Ha IMPUTOTOBJIEHHBIE CEJIEKTHBHBIE
cpenpl. [ToceBbl MHKYOUpPOBaIN B TeueHUe 24 4 npu 27°C U 48 4 Ipu KOMHATHOUM TEMIIEpaType
(18°C), mocsie 4Yero MPOBOAWIM BU3YAJIbHBIH aHAJIN3 BBIPOCIINX KOJIOHUU. M30JHMpOBaHHBIE
KOJIOHUHM OaKTEPUOJIOTHUECKON TeTel ObUIHM OTCEeSHbI HA CKOIIEHHBIM arap /Ui BbIJEJIEHUs
YUCTBHIX KYJIBTYP MUKPOOPIaHU3MOB.

C uespl0 HCCIEOBAHUA KyJIbTYPAJIbHBIX CBOHCTB M3 UHCTBIX KYyJBTYP C IIOMOIIbBIO
OaKTepUaIbHOTO CTAaHAAPTA MyTHOCTH FOTOBUJIN B3BECH C KOHIIEHTPAIHEeNd 109 MUKPOOHBIX KJIETOK
(M.K.) B 1 MJI, KOTOpbIE OBUTH JIECATUKPATHO Pa3BEEHBI B (DPU3MOIOTHUECKOM PACTBOPE M BHICESTHBI
Ha IUIACTUHKU NUTATEJIbHOTO arapa B yamku IleTpu jyd mosydeHUs M30JMPOBAHHBIX KOJIOHUM.
KynbTypasibHble CBONCTBA BBIJIEJIEHHBIX IITAMMOB OLIEHUBAIM, AHAJIU3WUPYs BHEIIHUH BUJ
KOJIOHUH (IIOBEPXHOCTb, pa3Mep, IIBET, XapaKTep Kpasi, HAINIHE CKIaIaTOCTH).

Mopdosiorruueckre CBONCTBA KyJIbTYP OIpeAEsIsad MO pe3yabTaraM OKpacku mo I'pammy u
MHKPOCKOITMPOBAHUS B IIPOXOJISAIIEM CBETE ONTHYECKOTO MHUKpockorma MJI-1 (JIOMO, r. CaHKT-
ITetepOypr).

JlunmosmTHYeCKre CBOWCTBA BBIZIEJIEHHBIX OAaKTEPUAJbHBIX IITAMMOB IOJTBEPKIATH
BBIpAI[UBAaHHUEM Ha cpejie, cojiep:Kainell TBUH 80 (IIOJMOKCHUATHIEH COpPOUTAaH MOHOOJIeAaT), U
OIIEHUBAJIA IO pe3yJbTaTaM pocTa B OysiboHe IllTepHa, B KOTOPOM B KA4ecTBE €IMHCTBEHHOTO
HCTOYHUKA yTJIEPO/IA UCI0JIH30BaIN OJIMBKOBOE MACJIO € KOHIIEHTpalel 1 MJI B 100 MJI OyJIbOHA.
Bakrepuu, ob6azaromiye JUIOJIUTHYECKUMH CBOUCTBAMU, ITpU (pepMeHTAI[U OJIMBKOBOTO Macja
BBIJIEJIAIOT aJIbJeTU/Ibl, TOoAKUCIAA cpeny. CtepuabHbli Oysb0oH IllTepHa passiuBaau B MPpOOUPKU
10 10 MJI B KaXK/yI0 U BHOCUJIM HCCJIeJlyeMble KyJIbTypbl B 00beMe 0,1 MJI ¢ KOHIleHTpanuen 109
M.K. B 1 MJI. IIpoOUpKHM ¢ MUKpPOOpraHU3MaMU TEPMOCTATHPOBaIU Iipu TemmepaTrype 27°C B
TeueHHe 120 4 U MPOBOAWIN HabofeHue 3a uameHenneM pH Oynpona IlltepnHa ¢ momonisio pH-
merpa (pH/ORP Meter HI 2215). B kauecTBe KOHTPOJILHOTO BapHaHTa HCIIOJIb30BAIU OYyJIbOH
[ItepHa 6e3 BHECEHUS B HETO MUKPOOPTaHU3MOB.

s uzydeHus BIUAHUA IPUPOJHBIX MUHEPAJIBbHBIX MaTePHAJIOB HA UHTEHCUBHOCTD POCTa U
HaKOIUIeHUs OuoMacchl TOTOBWIM IHUTaTeJIbHBIE CPEJbI, COZEpIKalllie B KauyeCcTBE HCTOUYHHKOB
yIeposia U a3oTa 2% IJIIOKO3bl U 2% HUTPAaTa aMMOHHUSA, COOTBETCTBEHHO, a TaK)Ke pPas3jInuHbIe
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KOHIIEHTPAIIHU parbl 03. DJIBTOH, ObuiroduTa Boarorpasckoro MectopoxaeHus u coaeir MEpToro
mops (M3pausb). Cpesbl aBTOKJIABUPOBAJIU IIPU 0,5 aTM. B TeUeHUe 20 MUH. /1151 OLleHKU BIUSHUA
MHUHEPAIBHBIX I00aBOK HA UHTEHCUBHOCTD POCTA JINIIA30IIPO/IYIIEHTOB IOJIb30BAINCH
(pOTOKOJIOPUMETPUYECKUM METO/IOM, CPAaBHHUBAs ONTHYECKHUE IUIOTHOCTH CYTOYHBIX CYCIEH3UU
MHKPOOPTaHU3MOB B HKCIIEDUMEHTAIBHBIX U KOHTPOJIBHOHN cpemax Ha mpubope KOK-2-YXJI-4.2
MpU JJIWHE BOJIHBI cBeTO(GMWIbTpa 670 HM B KIOBETAX C JJIUHON ONTHYECKOTO IYTH 5,005 MM.
B KauecTBe KOHTPOJILHOU MCIOJIB30BAIN MUTATEJIBHYIO CPEly, COAEPIKAIIYIO0 TOJIHKO TJIIOKO3Y U
HUTpAT aMMOHUA.

Pama ozepa JibroH (Bosirorpajickas 06J1acTh) OTHOCHTCS K OPOMHBIM KPENKHM paccojiaM
XJIODUJTHOTO W MAarHUEBO-HATPHEBOTO COCTaBa. B pame mpeobsaflaloT rajutr — OKoJIo 56 %,
o6umoduT — 0K0JI0 29 %, CoJlepKaTCs TaKKe KU3EPUT, KAPHAJUIUAT | JIp. cod [13]. VI3 KaTHOHOB B
pame cojiep;kaTcA: JIMTUM, aMMOHUM, Kajaui, HaTpul, MarHuy, Kajpiui. 3 aHWOHOB
MIPUCYTCTBYIOT XJIOPUA, Opomuz, cynbdar, TuipokapboHar. Peakius cpefbl panbl HEHUTpasIbHAA
(pH=7,1).

Bostrorpazckuii mpupoAHbIA OUIIOGUT MPeACTaBIIsieT cOO0M CIPECCOBAHHBIH IOJT BBICOKUM
JlaBJIEHUEM BBIIIEJIEKAIUX CJI0EB KaMeHb. 110 XUMHKO-MUHEPAIFHOMY COCTaBy — 3TO KOMILIEKC
coJsiert 1 MuKpoasieMmeHToB (Tabir. 1) [14].

Tabauua 1
XumMuueckuu cocraB Bosrorpaackoro npupoHoro ounrogura

HaumeHoBaHMe BeliecTBa Xumuueckas GopMmyJia Copep:kaHue, %macc.
XJI0pUCThIA MarHUM MgCl,-6H.O 90-96
XJIOPUCTHIHA KaJIMHA-MarHui KCl-MgCl,-6H,0 0,1-5,5
CepHOKUCJIBIN MarHuu MgS0,-6H.0 0,1-2,5
BpoMucThIil MarHui MgBr, 0,4-0,95
CepHOKHUCIIBIN KTBIIUHT CaS0,-2H.0 0,1-0,7
XJI0pUCTHIHM HATPUH NaCl 0,1-0,4
bop B 0,002-0,08
Kanpruit Ca 0,003-0,005
BucmyT Bi 0,0005-0,001
Monbaen Mo 0,005-0,001
Kenezo Fe 0,003-0,005
AJTIoOMUHUE Al 0,001-0,02
Turtau Ti 0,005-0,001
Menb Cu 0,0001-0,003
Kpemunii Si 0,02-0,2
Bapwuit Ba 0,0001-0,0006
CrpoHnui Sr 0,001-0,02
Pyouauii Rb 0,0001-0,002
es3uit Cs 0,0001-0,001
JluTuii u z1p. Li 0,0001-0,0003

Coniu MepTtBoro Mops Z10OBIBAIOTCA HA CEBEPO-3aIaJIHON YacTH aKBaTopuu MepTBoOro mMmops,
BOJIM3U KypopTa Kaibs, rocymaperBo M3paniib. Cosb MOJIy4YaroT U3 BOJbI MepTBOrO MOPS IIyTEM
BBIIIApUBAHUA. XUMUUYECKHH COCTaB coJii MepTBOro MOps BKJIOYAaeT 26 MHHEPAJIOB U
MukpoaemeHToB: NaCl 14-16 %, KC1 18—-22%, MgCl, 25-31 %, CaCl, 0,5—1 %, 6poMuzbl 0,2—
0,3 %, KpucTaJu3auoHHas Boja 26—32 %, HepacTBOPUMbIe KOMIIOHEHTHI (2Kejie30, GTop) 0,2 %
Y TaKWe MUKPOBJIEMEHTHI, KaK MeJlb, IINHK, KOOAIBT (MX co/iep:KaHue MeHee 1 MT/KT).

JI71s1 ToIyOMHHOTO KyJIbTUBUPOBAHUS JIMIIOJUTHYECKH aKTHBHOTO OAKTEpHAIPHOTO IIITaMMa
HCIIoJIb30BasH JtabopaTopHbiii pepmenTeép mapku LKB BIOTEK POLYFERM 1607 €éMKOCTBIO 1 JI,
KyZia BHOCIJIM 150 MJI HUTATEJIBHOM cpeabl (KOHTPOJIBLHOU WM coepsKallell oumodur), 1,5 MI
OJTUBKOBOTO Macsia (1 % oT 00bEéMa cpefbl) U 5 MJI OaKTEPUATbHOUN B3BECU U3 CYTOYHOU KYJIBTYPBHI,
MPUTOTOBJIEHHON 1O CTaHAApPTy MYTHOCTH Ha 10 eJuHUIl. Bce KOMIIOHEHTHI 3apaHee
CTEPWJIN30BAJIM B aBTOKJIAaBe MPU 0,5 aTM. Ky IbTUBUPOBaHWE ITPOBOJWIN B TEUEHUE 3 CYTOK IIPHU
20°C, TOCTOSTHHBIX a3palliyl U IepeMelTuBaHUuN. B X0/1e 9KcIiepuMeHTa e3KeTHEBHO OCYIIECTBIISIIN
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MOHHUTOPUHT DPH Ky/JbTypaJlbHOU IKUJKOCTHU, OTOMpas NpoObl U OIpeNesisas BeJIUIUHY
BOJIOPO/THOTO TTOKa3aTeJisl.

Pe3yabTaTsl 1 00CyKAEHUE
B pesysbpraTe NEpPBUYHOTO aHAIN3Aa KYJIbTYPAIBHBIX U MOPGOJIOTHUECKUX CBOWCTB
MHKDPOOPTaHU3MOB, BBIPOCIIUX HA SKCIIEPUMEHTAJIbHBIX CEJIEKTUBHBIX CPeJiaX, ObLIO BBIIEJIEHO
23 GaKkTepuaJbHbIE KYyJIBTYPBl: 6 INTAMMOB — H3 HAJ0CAJIOYHOH >KHUJKOCTH AKTHBHOTO WJIa
TOPOZICKMX OUHCTHBIX COOPY?KEHHUI U 17 KYJIbTYyp — U3 CMbIBA C IIPOU3BO/ICTBEHHOTO 000PY/I0BaHUS
Bosrorpasckoro MscokombuHara. I3 BbIIEJIEHHBIX KyJbTYp ObUIM OTOOpaHBI IIITAMMBI,
XapaKTepU3YIIIHecss MaKCUMAaJIbHBIMH CKODOCTSIMH pOCTa Ha CeJIEKTUBHBIX CpeJlaX IIpu
KOMHATHOHM TeMIleparype, W H3y4eHa HUX JIUIOJUTHYECKAas AaKTHUBHOCTh C HCIOJIb30BAaHUEM
Oysnbona IlltepHa. IIpu KyJIbTUBUPOBAHUHM H3yd4aeMbIX MHKPOOPraHuU3MOB B OysiboHe IllTepHa
Ha0JII0aT U3MEHEHUE I[BeTa KYJIbTYPAJTbHOU KUJAKOCTH U (PUKCUPOBAIIM U3MEHEHNE aKTUBHOU
peakiuu cpezbl. [losyuyeHHbIE TAaHHBIE CBE/IEHBI B TAOJIHUILY 2.
Tabauua 2
N3menenune pH KyJIbTypaIbHOM KUAKOCTH MPU KYyJIbTUBUPOBAHUU
B Oys1boHe IIITepHa MUKPOOPTraHU3MOB, BBIJIE€JI€HHBIX HA CEJIEKTUBHBIX
JKHPOCOAEPKANIUX Cpeaax

Hcrounuk No mramma Nsmenenune pH
244 48

MscokoMOuHaT 2 7,04 7,00
4 7,04 7,06

6 5,25 5,12

8 7,07 7,15

16 7,49 7,83

17 7,21 7,28

AKTUBHBIN U 1 5,82 5,68
2 6,98 7,49

3 6,02 5,76

4 7,12 7,59

5 7,15 7,31

6 7,25 7,67

Kak cBUIETENILCTBYIOT JIaHHBIE, IIpeJCTaBJeHHble B Tabiuie 2, y BceX IITaMMOB
MHUKPOOPTAaHU3MOB B IIpoIiecce KyJIbTUBHPOBaHUA B OysiboHe IlITepHa HAOII07aI0Ch U3MEHEHHE
pH xynwpTypanpHoii cpenbl. [Ipu BeipamnuBanuu mraMMoB NO 4, 8, 16, 17, BblJIeJIEHHBIX U3 CMBIBOB
Ha MJACOKOMOWHATE W MmMTaMMOB NO 2, 4, 5, 6, BBIJIEJIEHHbIX M3 aKTUBHOTO W4, HAOIIOAATH
TIOBBIIIIEHNE KHUCJIOTHOCTH CPEJbl B TEUEHHE BCEr0 BpEMEHW BbIpaluBaHus OakTepuil. IIITaMMBbI
No 2, 6 (mscokombuHaT) 1 N2 1 1 3 (aKTUBHBIM WJI) B IIpOIlecce KYJbTUBUPOBAHUS B TEUEHHE
2 cyTOK cHIKau pH KybTypasibHOU cpejibl 3a cueT 00pa30BaHUs KUPHBIX KHUCJIOT U aJIb/IETH/IOB
B pe3yJIbTaTe JIECTPYKIIUH KUPOB. [losrydueHHbIe TaHHbBIE TTIO3BOJIMJIN BRIOPATh Hanbojiee aKTUBHbIE
JIECTPYKTOPHI JKHPA B KaXKJIOM U3 UCTOYHHUKOB BbIJIesieHUsA. Hanbosiee BBICOKOU JIUTIOJTUTHIECKOU
aKTUBHOCTBHIO 00J1a/1a10T 1IITaMM NQ 6, BhIZIEJIEHHBIN U3 CMBIBOB C 000PYZI0BAaHUS MSCOKOMOWHATA,
u mrtaMM N° 1, TOJydeHHbIH U3 HaZ0CaIOYHOHN KHUKOCTU aKTUBHOTO MJIa TOPOACKUX OYUCTHBIX
COOPYKEHHH.

KynprypasbHble U  Mopdosorhueckue CBOMCTBa Haubosiee aKTUBHBIX —OakTepuii-
JKUPOJIECTPYKTOPOB IPUBEIEHBI B TAO/IUIIE 3.
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Tabauua 3
KyabTypajbHabie 1 MOP(OJIOTHYECKHE CBOMCTBA TUIMIOIUTUIECKH aKTUBHBIX
OaKTepUaAJTbHBIX HITAMMOB

HcToyHuK KynpTypasibHbIe CBOMCTBA Mopdostoruueckre

BBIJIeJIEHUA cBOMCTBa
IBET Kpai TIOBEPXHOCTD pasmep,
MM

OuucTHBIE OeKeBbIN POBHBIH BBIMTyKJIas, 2-3 rpam (—) maJouKu
COOPY’KEHUS CJIMBUCTAs

Mscokom- CBETJIO- POBHBIH IagKas, 4-5 rpam (+) KOpoTKHue

ouHar 0eKeBBIN osiecranias HaJI0UKU

Jl;is BBIOOpA JIMITA30MPOAYIEHTa C HAWUOOJIBIIMMU POCTOBBIMH XapaKTEPUCTUKAMU OBLIU
MPUTOTOBJIEHBI KUJIKWE ITUTATEJIbHBIE CPEbl, COAEPIKAIe CBUHOHN JKUP B KOHIeHTpamusx (%)
0,5; 1,0; 1,5; 2,0 U MUHepaJibHbIe cou. CTEPUIN3AIUIO CPeJl TPOBOAUIN B aBTOKIaBe Ipu 120°C B
TedueHue 15 MUH. C IeJIbI0 TOJIyYeHUs MEJIKOJUCIIEPCHON KUPOBON 3MYJIbCUH, JOCTYITHON MIJIA
YTWIN3aMd MHUKPOOHOW KJIETKOW, IIUTaTeJbHbIE CPeIbl IIOJIBEPTAIH  YJIBTPA3BYKOBOMY
BO3JIEHCTBUIO TIpU vacToTe 44 K[l u cuse Toka 0,54 A. IlosiyueHHbBIE Cpeibl 3acCeBaJI B3BECAMU
Hau0oJiee JIUITOJTUTUYECKU aKTUBHBIX MUKPOOPTaHU3MOB, ITOCEBbI HHKYOUPOBAIU B TEUEHUE 24 U
ipu Temnepatype 27 °C. KoHlieHTpaIyo 6nomMaccsl OmpeessyIi MaKPOKYJIbTyPaJIbHBIM METOZIOM.
Pe3ysibTaThl SKCIIEPUMEHTOB IIPECTaBJIEHbI B TAOJIHIIE 4.

Tabauua 4
OnpenesieHne KOHIEHTPAITU OMOMACCHI JTUIMMOJIUTHUYECKUX IITAMMOB

HcTouHUK BRIZIEIEHUS CopneprkaHue )xupa, % | Konnenrpamus 6uoMaccsl, M.K. /M
OYHCTHBIE COOPY>KEHUS 0,5 17°103

1,0 181-103

1,5 176°103

2,0 1°103
MACOKOMOUHAT 0,5 7°103

1,0 26103

1,5 10°103

2,0 4103

JlaHHbBIE, TPUBE/IEHHBIE B TAOJIUIIE 4, CBUAETETBCTBYIOT, YTO HANOOJIBIITUHA BBIXO/ OHMOMAaCChI
Ha CeJIEKTUBHON IIUTATeJIbHOW cpefle, cojiep:Kalllell 5SMyJbIMPOBAHHBIN CBUHOW KHUD, JaeT
OakTepHaJbHBIA IIITAMM, BBIZIEJIEHHBIH W3 HAJ0CAIOYHON IKUJIKOCTA a’pOTEHKA TOPOJICKUX
OUMCTHBIX COOpY>keHul Bosrorpaza.

B xone nmanpHENIINX MCCIENOBAaHUM I U3YYEHUs BO3MOKHOCTU HMHTeHCU(UKAIUU pOCcTa
MIOJIy4YeHHBIX OaKTepUaJIbHBIX IITAMMOB U IIOBBIIIEHUS HUX JIUMA3HOM AKTUBHOCTU U3y4asu
BJIMSIHHE TPUPOAHBIX MUHEPAJIbHBIX BEIIECTB HA CKOPOCTh POCTa U HAKOIUIEHUSA OMOMAaCCHI
mTamMMa NQ 6, BBIJIEJIEHHOTO M3 CMBIBOB C TEXHOJIOTHUECKOro obopyzioBaHus Bosrorpaackoro
MsACOKOMOMHAaTa. PaHee HaMu ObLIU MTOJTy4Y€eHBI IaHHbBIE O CTUMYJIMPYIOIIEM BIUAHUU OultoduTa u
panbl 03. JJIBTOH HA POCTOBBIE IIPOIlECCHl ACCOMAM MHKPOOPTaHM3MOB AaKTHUBHOTO WJa
TOPOJICKMX OYMCTHBIX COOpYKeHHH [14, 16]. Jlna pemieHHs TOCTaBJIEHHON 3a/1auu
MHUKDOOPTaHU3MBl KyJIbTHUBUDOBAJIM Ha MUTATEJbHBIX CpeZaX, COJepiKallluX pas3jIdyHble
KOHIIEHTpallMM pambl 03. JJIbTOH, coyied MepTtBoro Mopsa u Oumodura. VHTEeHCHBHOCTH
HaKOIUIeHNs OGaKTepuaIbHON Macchl B CpeflaX C Pa3IMYHBIMU KOHIIEHTPAlUSAMU MHHEPAJIbHBIX
7100aBOK CPaBHUBAJIM C MHTEHCHUBHOCTHIO HAKOIUIEHUS OGMOMAcCCHl B KOHTPOJIBHBIX ITHTATEIbHBIX
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cpenax GOTOKOJIOPUMETPUUECKHUM METO/I0M, PACCUUTHIBAsA K03(hPUIIMEHT ITPUPOCTa GIOMACCHI IO
dbopmye:
D{?ﬂ.
K= ———-100%,

Di'-:mimp.
rie Don. — ONTHYecKas IUIOTHOCTh CYTOYHOW CYCIIeH3WHM OaKTepUaJbHBIX KJIETOK B cpefie ¢
MHUHEPIBHON J00aBKOU, YCJI. €[.; Dyowrp. - ONTHYECKASA IJIOTHOCTh CYTOYHOHM CYyCHEH3UH

OakTepHaIbHBIX KJIETOK B KOHTPOJIBHOU cpejie, YCII. efl.

[TosiyueHHble AaHHBIE B BUJle TpadUUecKuxXx 3aBUCHMOCTed KoadduUIeHTa MIpupocTa
6momaccsl MUKpoopranu3MoB (K) oT KoHIeHTpanuy MUHEPaJIbHON J00ABKU B IIUTATEILHON Cpefie
MIpUBEJIEHbI HI)KE HA PHUCYHKE.
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KOHI[EHTPAILMS MUHEPATILHON JTOBABKHU B IIMTATEJIFHOI CPEJIE. %

W conv MepTeoro mopa M bUwoguT pana 03.31bToH

Pucynox. 3aBucumocTs k03¢ puIirenTa mIpupocTa 6MoMacchl JIUIOIUTHYECKH AKTHBHOTO
O6aKTepHaJIbHOTO IITAMMA, BBIJIEJIEHHOTO U3 CMBIBOB MACOKOMOMHATA, OT KOHIIEHTPAI[UU
MUHEePaJIbHBIX I00aBOK B IUTATEJIBHBIX Cpefiax

AHa/M3 TOJIy4YEeHHBIX 3aBUCUMOCTEH ITOKA3bIBAET, UTO MAaKCUMAaJIbHBIA IMPUPOCT OMOMACCHI
U3y4aeMbIX MHKPOOPTaHU3MOB HaOJIIOaeTcsl IMPU BBEJEHUM B IHUTATEJbHYIO CpeNy COJiei
MeépTBOro MOpsA B KOHLIEHTpanuu 0,25 % (Bec.). B aTux ycimoBusx Ko3OUIMEHT HpupocTa
OakTepraJIbHOU MAacCChl, II0 CPAaBHEHUIO ¢ KOHTPOJIBHOM CpelIoH, cocTapisieT 317 %. BBeneHue B
KYJIbTYPaJIbHYIO JKUKOCTh PaIbl 03epa DJITOH 00eCIeUnBaeT MAaKCUMAIbHBIN TPUPOCT OMOMACCHI
(203 %) mpuM KOHIleHTpaluu pambl 5 % (Bec.), a onTUMaJbHAsA KOHIEHTpamus Oumodura
cocraByisieT 0,5 % (00.), obecrieunBass IPUPOCT OAKTEPUATHLHOM Macchl 133 % IO CPaBHEHUIO C
KOHTPOJIBHOU cpenioii. TakuM 0Opa3oM, Bce HCCIIeyeMble IMTPUPOAHbIE MUHEPAJIbHbBIE BEIeCTBa
MIePCIIEKTUBHBI B KAUeCTBE MUHEPAJIbHBIX J00ABOK K MMUTATEIFHBIM CPeIaM /ISl KyJIbTUBHPOBAHMUS
JIUIU0PacIIenIAomuX 6akrepuii. OlHaKO pana 03. DJIBTOH U OUIIODUT CYIIeCTBEHHO JIOCTYIIHEE
(oba pecypca nobpiBatoTes B Bosrrorpasckoit obsractu), uem coyii MEpTBOTO MOPSI.

Ha cnenyromem »stame wucciaeaoBaHuil Oblla H3ydyeHAa BO3MOXKHOCTh IIOBBIIIEHUSA
JINTIOJINTUYECKOM aKTHUBHOCTU IITamMMa NO 6 mpu IiIyOMHHOM KyJIbTUBHPDOBAaHHU OakTepui Ha
cpene, cofep:Kallell OJIMBKOBOE MAacji0 B KayecTBe €JWHCTBEHHOTO HCTOYHHKA YIJIEPOJa, B
IPUCYTCTBUU  ONTUMAJIBHOM  KOHIlEHTpanmuu  Oummodura, YCTAHOBJIEHHOM B  XOJ€
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MIpe/IBAPUTEILHOTO OJKCIepUMeHTa. [[Jif OLIEeHKU JIUIOJIUTHYECKONM aKTUBHOCTU B  XOJIe
TPEXCYTOUHOTO KyJIbTUBHPOBAHUA MUKPOOPTAaHU3MOB €XKeJIHEBHO NPOU3BOAWIN u3MepeHusa pH
KYJIbTYPaJIBHOU KUAKOCTH. CHIKEHUE BEJIMYMHBI BOJAOPOJHOTO TMOKAa3aTess CBUJIETEIHCTBYET O
HAKOIUIEHUU B cCpefie KYJIbTUBUPDOBAHUA JKUPHBIX KHCJIOT, CHWIKAKOIMIUX BeJudyuHy pH.
PesysbTaThl, HOJy4eHHBIE B XO/€ IAHHOTO SKCIIEPUMEHTA, CBE/IEHBI B TAOIUILY 5.

Tabauya 5
HN3MeHeHNe aKTUBHONM peaKkIuy KyJIbTYPAIbHOU KUKOCTH B X0/i€ KyJIbTUBHPOBAHUS
JHUNHUAOPACIIEIVISIOINUX MUKPOOPraHU3MOB Ha DKCIIEPUMEHTATBHOU
M KOHTPOJIBHOM cpeaax

Bpewms KysbTUBUPOBaHUA, 4 pH SKcré;I;zEeHTaﬂbHOﬁ PH KOHTpOJIbHOM cpeabl
0 6,46 6,31
24 5,08 5,83
48 5,01 5,70
72 4,89 5,70

[TpuBeneHHbIEe B TaOJHIE 5 JAHHBIE CBUJETEIHCTBYIOT O TOM, YTO IPH KYJIbTHBUPOBAHUU
HCCJIelyeMOT0 MUKPOOpPraHU3Ma Ha IMUTATEJIbHOU cpejie, coepkaiieid 0,5 % (06.) 6umodwura, B
nepBble cyTKU PH Ky/JbTypaJbHOM »KUJIKOCTU CHUIKAaeTcsA Ha 1,34 €AUHUIIBI, B TO BpeMs Kak
u3sMeHeHne pH KOHTPOJILHOM cpefibl COCTaBUIIO 0,48 equuull. [losyueHHbIe JaHHBIE JOKA3bIBAIOT
CTUMYJIUPYIOIlee JlelicTBUe Oumodura Ha JIUIOJUTUYECKYI0O AKTHBHOCTD HCCJIElyeMOTO
OaKTEepUATBHOTO IITAMMA. JTO MOATBEPIK/IAETCA TAKIKe JTAJIbHEUIINM (B TEUEHHE 72 U.), XOTA U He
TaKUM 3HAYUTEJIbHBIM, KaK B IepBble 24 Y., CHUKeHHeM PH KyJbTypasbHOU »KUJIKOCTH IIPU
BBIPAIIIBAHUN HCCJIE[yeMbIX MHKPOOPTAaHM3MOB HA IIUTAaTeJIbHOU cpele C J00aBiieHUEM
oummodwra.

Takum 06pa3oM, B X0/ie IPOBEAEHHBIX HCCJIEIOBAHUN /JIOKa3aH CTUMYJIMPYIONUHA 3PdexT,
KOTOPBIM OKA3BbIBAIOT IIPUPO/IHbIE MUHEPAJIbHBIE BEIIECTBA — pamna o3epa JJIbTOH, cosiu MEPTBOTO
MOpsA U OUIIOUT — HA CKOPOCTh POCTAa M HAKOIUIEHUs OHMOMACCHI JIMIHOPACIIETUISIONINX
OakTepuii, a TakKe Ha WX JIUTIOJHUTHYECKYI0 aKTUBHOCTh IPHU TVIyOMHHOM KyJIbTHUBUPOBAaHHUU U
ONTUMAJIBHOM cOZiep:KaHUM Oumodura B HUTaTeIbHOU cpese. BblsiesieHHBIE OaKTepUasIbHbBIE
KYJIbTYPBI SIBJIAIOTCA NEPCIEKTUBHBIMHU /IS JTAJIbHEUIINX HCCIEIOBAHUM C I[€IbI0 CO3/IaHUA
OGakTepuaJIbHOTO IpernapaTa, 3(p@eKTUBHO pasjarariollero pasjndHble >KUPOBble 3arpsA3HEHUs
CTOYHBIX BOJl. A NpUPOJHbIe MUHEPAJIbHBIE BEIIECTBA MOTYT CTAaTh IIEHHBIMH KOMIIOHEHTaMU
roTOBbIX (hOPM MOAOOHBIX OAKTEPUATIBHBIX ITPEIapaTOB.

JarkJIroueHue
I/IB Haz[ocaaquof/’I KHUJIKOCTH aKTHUBHOT'O HWJIa I‘OpOILCKI/IX OYUCTHBIX COOPY)KGHI/II‘/JI U CMBIBaA C
HpOI/IBBOI[CTBeHHOI‘O O60py,ZIOBaHI/IH BO.TII‘OI‘paI[CKOI‘O MHCOKOM6I/IHaTa BBIJEJICHBI

23 baKTepHaJIbHbIE KyJIbTYPbI, 00J1a]al0II1e JINITU/I0OPACIIEIUISIONINME CBOHicTBaMu. B pesysbrare
HCCJIEJIOBAHUS JIUIIOJIMTUYECKO AaKTUBHOCTH BBIIEJIEHHBIX KYJIBTYP OTOOpaHbI Haubosee
aKTUBHBIE INTAMMBbI, M3Y4Ye€HBbl HUX KyJIbTypaJbHble U MOP(OJIOTHUECKHE CBOICTBa. M3ydeHO
BJIMsSAHHME J00aBOK pambl o3epa JJIbTOH, cojie MéprtBoro Mmopsi, 6umodwurta Bosrorpaackoro
MECTODOXKJIEHHUsI Ha CKOPOCTh pOCTa ¢ HAaKOIUIEHWsT Ouomacchl HaunboJsiee aKTHBHBIX
JIMITAIOPACIHIEIUISIONINX MTaMMOB. B xozme wuccienoBaHusi ObLIM OIpEJIeJIEHB ONTUMAJIbHbBIE
KOHIIEHTPAIUH IPUPOIHBIX MUHEPAJIBHBIX BEIIECTB, CTUMYJIUPYIOIIHAE POCT U3y4aeMbIX OaKTEPHUI.
YcTaHOBIIEHO, UTO BBEJIEHUE B KYJIbTyPaJIbHYIO KHIKOCTh OuIltoduTa B KOHIIEHTpaIuu 0,5 % (00.)
MpY TTyOMHHOM BBIPAIIUBAHUYA MUKPOOPTaHU3MOB CYIIIECTBEHHO CTUMYJIMPYET JIUITOJIUTHYECKYIO
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AKTUBHOCTbH 63KTepI/Ia.TIbHOI‘O mrraMma, BBLACJIEHHOIO K3 CMBIBOB C IIPOHU3BOACTBEHHOIO
060py/T0BaHUA MSICOKOMOMHATA.
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AnHOTanmusA. V3 CTOYHBIX BOJ MICOKOMOMHATA M a3POTEHKA TOPOJCKHUX BOJOOYHCTHBIX
COOPY?KEHHUH BBIZIEJIEHO 23 OakTepUabHbIE KYJIbTYPHI, 00JIa/IafoIIue JIMIIA3HON AKTHUBHOCTBHIO.
N3yuensr ux Mop¢ooruyecKue, KyJIbTypaIbHble, OMOXHMHUYECKHE CBOWCTBA, B TOM UHCJIE
CIIOCOOHOCTD PaCHIEIUIATH *KUBOTHBIE JKUPBI U PAaCTUTEIbHbIE Macyia. IIpoBefieH cpaBHUTETBLHBIN
aQHAIN3 CIIOCOOHOCTH BBIZIEJIEHHBIX OAKTEpUI pasjiaraTh >KUPOBbIE 3arPA3HEHUS CTOUHBIX BOJ U
U3yYeHBbl CIOCOOBI yBeJMYeHUs (epMEHTATUBHONM AKTUBHOCTH W HWHTEHCHUBHOCTH POCTOBBIX
MIPOIIECCOB UCCIEAYEMBIX MUKPOOPTAHU3MOB. [[Jis1 MOBBIIIEHUsI CKOPOCTH HAKOIIEHUsI OMOMAaCChI
JINTIA30TPOYIIEHTOB B IHUTaTeJIbHbIE CpPeAbl BBOAWIU J00aBKH IPUPOJHBIX MHHEPAJIbHBIX
BemlecTB (pambl 03. OybTOH, Oumodwura, coneir MéprtBoro Mops). B xome wucciemoBaHuit
YCTaHOBJIEHO, UTO BBEJEHWE B IUTATEJIbHYIO Cpeay 0,5 % pambl o3epa IJIbTOH CIIOCOOCTBYET
MOBBIIIIEHUIO CKOPOCTU POCTa JIMIIA30IpOAYIleHTa Ha 293 % II0 CPaBHEHHIO C POCTOM B
KOHTPOJIBHOHM cpefie, He COJlepiKallled pambl, a jgobaBieHHe 0,25 % coseir MEpTBOro Mops
UHTEeHCU(UITUPYET POCT HAa 317 % IO cpaBHEHHIO ¢ KOHTposieM. OcylecTBiaeHO J1abopaTopHOe
MO/IeJINPOBaHUeE MPOoIlecca OYUCTKU MaCIOCOiepKaled BO/Ibl ¢ IOMOIIBIO OTHOTO U3 BBIIEJIEHHBIX
OakTepHaIbHBIX IITAMMOB U MOKa3aHO, YTO BBeZleHHE B (pepMeHTED OuioduTa B KOHIEHTPAIIUU
0,5 % (00.) cTUMYJTUpYET JINTIa3HYI0 AKTUBHOCTH UCCIIEAYEMBIX MUKPOOPTaHU3MOB.

KiroueBsle cjioBa: CTOYHBIE BOJIBI; OWMOJIOTUYECKAs OUYMCTKA; OWOAErpajialius >KUPOB;
JiMna3Has aKTUBHOCTD; OuIodut; pamna; coau MepTBoro Mopsi.
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Abstract

Methylotrophs — aerobic chemoheterotrophic microorganisms submitted by cocci and bacilli
mobile forms, are inhabitants of reservoirs and soils of various type, where there are going on
various processes of decomposition of organic substances with formation of the one-carbon C.-
compounds and some C,- and Cs-compounds, capable to be assimilated by methylotrophs. These
microorganisms assimilating carbon on ribuloso-5-monophospate and serine pathways, are
allocated from soil ground, the sewage containing decomposing vegetative remainss, from
ruminant paunch and other sources. Methylotrophic bacteria recently draw the increasing
attention of biotechnology as feasible sources of natural biologically active compounds — fodder
fibers and irreplaceable amino acids, carotenoid pigments, lipids and policarbohydrates. For
preparation of these compounds are used genetically marked strains of methylotrophic bacteria,
obtained via genetic engineering approaches and selection. Recently developed gene-engineering
methods of manipulation with the methylotrophic genom allow create on the basis of microbic
DNA of methylotrophs expression vectors of eukaryotic proteins for medical and veterinary
purposes, as human insulins. In this review article there are submitted data including the results of
the authors’ own research on evolution of methylotrophic bacteria, the metabolism and their
biotechnological usage.

Keywords: methylotrophic microorganisms; evolution; metabolism.

Introduction

Methylotrophs — is a taxonomic heterogeneous group of microorganisms presented by
chemoheterotrophic obligate and facultative methylotrophic bacteria and yeasts capable of
assimilating carbon via ribulose-5-monophosphate and serine pathways of assimilation of more
reduced than CO,-carbon C,-compounds — formaldehyde (HCOH), formic acid (HCOOH), and
compounds containing either a methyl group (CH;) or two or more methyl groups that are not
directly connected with each other, as dimethyl ether CH;-O-CH; [1]. In nature this class of
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compounds is most widely occurred in natural gas, methane (CH,), which is found in deposits of
coal, oil and synthesized in large amounts by methane-forming bacteria under anaerobic
conditions. The decay of pectins and other natural organic substances containing methyl esters
producing methanol (CH;0H) and ethanol (CH;CH.OH), which is also a substrate for growth of
methylotrophic bacteria. The tissues of plants and animals contain other substrates for
methylotrophic bacteria — methyl formate (CH;COOH), methylamines (CH;NH.), dimethylamines
(CH;).NH, trimethylamines (CH3)sN) and their oxides.

Assimilation of C;- compounds by microbial cell is almost always paired with breathing and,
therefore is realized by strict aerobes. The only exception is the assimilation of methanol by
methane-producing bacteria under anaerobic conditions. The ability to oxidize methane belongs
mostly to prokaryotes. Among anaerobes such ability has methane-producing archaea, sulfate-
reducing eubacteria, and some chemotrophic and phototrophic eubacteria. Methanol can also be
used as a substrate for some methylotrophic yeasts.

Methylotrophs family comprises obligate and facultative aerobic eubacteria, which possess
the ability to use one-carbon compounds as a source of carbon and energy. Further enumeration of
such microorganisms is wide. They are represented by various Gram-positive and Gram-negative
forms - representatives of the families of Pseudomonas, Bacillus, Hyphomicrobium,
Protaminobacter, Arthrobacter, Nocardia and others [2]. At present time methylotrophs are
found among representatives of the following taxonomic genera: Acidomonas, Afipia, Albibacter,
Aminobacter, Amycolatopsis, Ancylobacter, Angulomicrobium, Arthrobacter, Bacillus,
Burkholderia, Flavobacteria, Granulibacter, Hansschlegelia, Hyphomicrobium, Methylarcula,
Methylibium,  Methylobacillus, Methylobacterium,  Methylohalomonas, = Methyloligella,
Methylonatrum, Methylophaga, Methylophilus, Methylopila, Methylorhabdus, Methylorosula,
Methylotenera, Methyloversatilis, Methylovirgula, Methylovorus, Mycobacterium, Paracoccus,
Pseudomonas, Xanthobacter.

True methylotrophic bacteria belong to the family of Methylococcaceae, including genera of
Methylococcus, represented by vegetative cells resembling cocci and coccobacilli (0,7-1,5x1,0—
1,5 um) and Methylomonas, submitted by monads and rod-shaped cells (0,5-1,0x0,7—2,0 um).
The main taxonomic character while allocating this family is the morphological characteristics of
the cells and the ability to use methane as a sole source of carbon and energy under aerobic
conditions [3]. Methylotrophs, assigned to the family of Methylococcaceae, are gram-negative
eubacteria with different morphology and cell’s size, which form moving or still forms. Some
strains of this taxonomic family are able to form cysts.

Interest for the study of methylotrophs is associated not only with the characteristics of their
metabolism, but also with the prospects of their practical use in biotechnology as producers of
high-grade feed protein and essential amino acids, as leucine and phenylalanine [4], and their
isotopically labeled analogues as well [5]. The digestibility of biomass of methylotrophic bacteria
amounts 85—-98 %, while the productivity measured by a conversion of methanol makes up 37,6—
67,5 % [6] (Table 1). As we have shown, owing to strong growth in minimal salt media with
methanol, high yields of biomass and bioconversion of methanol into the components of the
cellular biomass (with conversion efficiency of 15,5-17,3 dry biomass per 1 g of consumed
substrate) methylotrophic bacteria are considered as a cheap source of deuterated protein and
amino acids [7]. The traditional approach for this is the growth of methylotrophic bacteria on
minimal growth Mo-media with 2 % (v/v) C2H;02H and 98 % (v/v) 2 H,O (Table 2).
The profitability for obtaining the microbial protein is determined for methylotrophs, mainly by
the cost of such inexpensive and available substrate, as is methanol.

Table 1: Growth parameters of different methylotrophic bacteria [6]

Bacterial strains | The molar yield | The specific | The level of | The quantity of
of dry biomass, | growth rate, h carbon consumed
g/mol of conversion of | nitrogen,%
methanol methanol, %
Ribulose-5-monophosphate pathway of carbon assimilation

Pseudomonas 17,3 0,49 67,5 13,2

C.
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Pseudomonas 17,0 0,63 66,5 11,0
methanolica
Methylomonas | 15,7 0,52 62,0 11,7
methanolica

Serine pathway of carbon assimilation
Pseudomonas1 | 12,1 0,17 47,5 11,37
Pseudomonas 12,1 0,14 47,5 11,48
135
Pseudomonas 9,8 0,09 37,6 11,20
AMi
Pseudomonas 13,1 0,11 51,0 9,40
M-27
Pseudomonas 13,1 0,15 51,0 10,60
roseus

Table 2: Amino acid composition of the protein hydrolyzate of facultative methylotrophic bacteria
Brevibacterium methylicum 5652 obtained from maximally deuterated M9-medium with 2 % (v/v)
C2H;02H and 98 % (v/v) 2H,0 and levels deuteration molecules [7]

Amino acid Yield, % of dry weight of 1 kg of Number of The level of
biomass of deuterium atoms |deuteration of
Protonated The sample incorporated into | molecules, % of the
sample (control) | obtained in 98 % |the carbon total number of

(v/v) 2H.O skeleton of the hydrogen atoms **
molecule *

Gly 8,03 9,69 2 90,0

Ala 12,95 13,98 4 97,5

Val 3,54 3,74 4 50,0

Leu 8,62 7,33 5 49,0

Tleu 4,14 3,64 5 49,0

Phe 3,88 3,94 8 95,0

Tyr 1,56 1,83 7 92,8

Ser 4,18 4,90 3 86,6

Thr 4,81 5,51 ND ND

Met 4,94 2,25 ND ND

Asp 7,88 9,59 2 66,6

Glu 11,68 10,38 4 70,0

Lys 4,34 3,98 5 58,9

Arg 4,63 5,28 ND ND

His 3,43 3,73 ND ND

** When calculating the level of deuteration protons (deuterons) at COOH- and NH.-groups of
amino acid molecules were not considered due to their easy dissociation and isotopic (*H—2H)
exchange in H,O/2H.O0.

*** ND — no data.

Industrial value has also biotransformation carried out by methylotrophs: immobilized
bacteria, cell extracts and purified enzymes for C,-oxidation compounds, especially methanol
dehydrogenase, catalyzing the oxidation of organic compounds with short chain aromatic and
acyclic hydrocarbons, phenols, alcohols, and heterocyclic hydrocarbons may be used for
biotransformation [8]. Biotransformation results in obtaining a product having commercial value,
for example, for obtaining propylene oxide from propylene and the substrate for the synthesis of
synthetic polymers. Under certain conditions of growing the methylotrophic bacteria up to 60 % of
their biomas makes up of poly-B-hydroxybutyrate — a biopolymer having big commercial value as a
substitute for plastics [9].
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The content of  phospholipids —  cardiolipin,  phosphatidylcholine  and
phosphatidylethanolamine in cell membranes of methylotrophic bacteria reaches 8—10 % (w/w) by
weight of dry biomass, which makes it possible to use methylotrophic bacteria as inexpensive
sources of phospholipids for the cosmetics industry, medicine and diagnostic purposes [10]
Furthermore, some methylotrophs are sources of cytochrome C that allows to replace the precious
drug used in cardiology — cytochrome C, the source of which is the mammalian cardiac muscle [11].

Methylotrophs can also serve as a basis for creating genetically engineered producer strains of
eukaryotic proteins for medical and veterinary usage. Thus the levels of expression of some
eukaryotic genes, e.g., interferon a; and ar in methylotrophic cells are higher than those ones in E.
coli[12].

In addition, methylotrophs are capable of synthesizing the various natural pigments
(melanins, carotenoids, prodiginines) carrying out the various protective functions in the cell [13].
Pigments of methylotrophic bacteria are of interest in terms of their practical use: carotenoids are
used as pro-vitamins as part of feed additives and natural food colors. Melanogenny methylotrophs
can be used to produce dihydroxy-phenylalanine, anticancer, radioprotective and humic
substances. Currently, interest for the using of methylotrophic bacteria and components of their
cell biomass in biotechnology is increasing due to the development of new technologies for
chemical synthesis of methanol.

The purpose of this review article is to examine the data on the evolution of methylotrophic
bacteria, the metabolism and their biotechnological application.

Results and discussion

Obligate methylotrophs

On the ability to utilize carbon methylotrophs are divided into two major taxonomic sub-
groups of microorganisms — obligate and facultative methylotrophs [14]. Obligate methylotrophs
are able to grow only on methane and C,-compounds; of other substrates their growth can maintain
only methanol and dimethyl ether. On the contrary, facultative methylotrophs are able to grow not
only on methanol and methylamine, but on methane and some polycarbon C,-compounds. Often
they also grow on formic acid and on a small number of simple C,- and C,-compounds (see
Table 3).

Table 3: Substrates obligate and facultative methylotrophs
(for example, typical representatives of each group) [14]

Substrates Obligate Facultative
methylotrophs methylotrophs
(Methylomonas) (Hyphomicrobium)
Ci- Methan (CH,) + -
compounds Dimethyl ether (CH;—O—CH,3) + —
Methanol (CH;0H) + +
Formic acid (HCOOH) - +
Cs- Ethanol (C.H;OH) - +
compounds Acetic acid (CH;COOH) - +
Cs- B-hydroxybutyric acid (CH;CH - +
compounds (OH) CH.COOH)

The first studied obligate methylotrophic bacterium of Methylomonas methanica — the
Gram-negative rods with polar flagella, was described almost 100 years ago, and for several
decades had been the only known bacterium capable of oxidizing methane (Figure 1). Further
development and improvement of the methods of accumulation and isolation of methane oxidizing
bacteria in selective nutrient media recently led to the discovery of a large number of the novel
microorganisms, which are similar in properties, but different in structure. Today obligate
methylotrophic bacteria are classified into the genera: Methylococcus, Methylomonas,
Methylosinus, Methylocystis, Methylobacillus, Methylophilus, Methylophaga, Methylovorus and
Methylobacterium.
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Figure 1. Electron micrograph of rod-shaped obligate methylotrophic bacterium
Methylomonas methanica [15]

A characteristic feature of methylotrophs is the presence in their cells the developed system of
intracytoplasmic membranes, which are divided into 2 types: intra-cytoplasmic membrane of type
I and intra-cytoplasmic membrane of type II (Figure 2). Intra-cytoplasmic membrane of type I is
presented by stacks of tightly packed vesicular discs distributed throughout the cytoplasm, while
the intra-cytoplasmic membrane of type II has the form of lamellae — a system of intra-cytoplasmic
membranes, derived from the cytoplasmic membrane and kept a distinct relationship with it.
These membranes have the form of individual bubbles, tubes or plates (lamellae) arranged around
the periphery of the cell cytoplasm [16]. On the topology and structure these membrane systems
are reminiscent of the intra-cytoplasmic membrane of some nitrifying bacteria.
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Figure 2. Electron micrographs of thin sections of cells of three obligate methylotrophs with intra-
cytoplasmic membrane systems of two types: A — Methylococcus; membrane system of type I;
B — Methylomonas; membrane system of type I;
C — Methylosinus; membrane system of type I1[16]

Based on the structural features of intra-cytoplasmic membranes, all obligate methylotrophic
bacteria can be divided into two main groups — rod-shaped and coccoid bacteria [17]. Some of them
form stable to drying resting cells, which in their structure resemble cysts similar to nitrogen-fixing
bacteria Azotobacter and exospores, which are small spherical cells, spunning off from the poles of
the parent cell (Figure 3).
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Figure 3. Electron micrograph of exospores of obligate methylotrophic bacterium Methylosinus.
The inset at the bottom is shown the electron micrograph of budding exospores budding [17]

The best substrates for all obligate methylotrophic bacteria are methane and methanol.
The rate of bacterial growth on methanol usually is not great. Obligate methylotrophs are able to
oxidize only a few organic substrates that are unable to support their growth. Such compounds
include formic acid (HCOOH), which they oxidized to CO., ethylene (C.H,), ethyl alcohol
(CH;CH.OH), oxidized to acetaldehyde (CH;CHO). As a nitrogen source, these bacteria can utilize
both nitrate and ammonia. However, the ammonia as being the methane oxidation inhibitor
reduces the rate of bacterial growth when its concentration in growth medium is greater than
0,05 %. As a rule in nutrient media containing ammonia are formed trace amounts of nitrate.
Thus, methane oxidizing bacteria are nitrifying bacteria, although scientific evidences that they can
produce energy at such a small ratio of ammonium oxidation, are not numerous.

Facultative methylotrophs

To facultative methylotrophs are included some of the genera Pseudomonas, Arthrobacter,
Mycobacterium, Bacillus, Acetobacter, Achromobacter, Nocardia, Hyphomicrobium,
Brevibacterium and others. Despite the fact that obligate methylotrophs are able to grow only via
assimilation of methanol as a sole carbon source, cumulative cultures at the utilization of the
substrates are enriched with microorganisms of other types, so called facultative methylotrophs.
These bacteria, unlike obligate methylotrophs are capable along with methane and methanol to
assimilate as carbon sources some other one-carbon and poly-carbon compounds. The best studied
of the facultative methylotrophs is the budding bacterium Hyphomicrobium. This bacterium is
known as a powerful denitrifier, and can be isolated from enrichment cultures by incubation of
microorganisms in a medium containing methanol and NH,* ions under anaerobic conditions.

We isolated from aerobic enrichment cultures with methanol the leucine-dependent gram-
positive rod-shaped facultative methylotrophic aerobic bacteria Brevibacterium methylicum 5652
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implementing ribulose-5-monophosphate pathway of carbon assimilation, producer of
phenylalanine and other metabolically related amino acids [18]. Unlike other traditional producers
of L-phenylalanine, which do not have negative control of prephenate dehydratase (EC 4.2.1.51) or
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase (EC 2.5.1.54), the uniqueness of this
strain consists in that it requires L-leucine for growth. The initial stage of biochemical research
with this strain of methylotrophic bacteria was connected with obtaining auxotrophic mutants,
which in majority cases are characterized by the limited spectrum of mutant phenotypes and,
besides that the high level of reversions. The initial L-leucine dependent strain B. methylicum,
producer of L-phenylalanine was obtained via selection at previous stage of research after
processing of parental strain by nitrozoguanidin. Screening for resistant cell colonies was carried
out by their stability to the analogue of phenylalanine — meta-fluoro-phenylalanine (50 pg/ml).
The analogue resistant mutants allocated on selective media were able to convert methanol and
accumulate up to 1 gram per 1 liter of L-phenylalanine into growth media, which is important for
biotechnological use of this strain in the production of phenylalanine.

Further attempts were made to intensify the growth and biosynthetic parameters of this
bacterium in order to grow on media M9 with higher concentration of deuterated substrates —
C2H;02H and 2H,0. For this, was applied deuterium enrichment technique via plating cell colonies
on 2 % (w/v) agarose media M9 supplemented with 2 % (v/v) C2H;02H with an increase in the
2H,0 content from 0; 24,5; 49,0; 73,5 up to 98 % (v/v) 2H,O, combined with subsequent selection
of cell colonies which were resistant to deuterium. The degree of cell survive on maximum
deuterated medium was approx. 40 %. The data on the yield of biomass of initial and adapted
B. methylicum, magnitude of lag-period and generation time on protonated and maximum
deuterated M9 medium are shown in Figure 4. The yield of biomass for adapted methylotroph (c)
was decreased approx. on 13 % in comparison with control conditions (a) at an increase in the time
of generation up to 2,8 h and the lag-period up to 40 h (Figure 4). As is shown from these data, as
compared with the adapted strain, the growth characteristics of initial strain on maximally
deuterated medium were inhibited by deuterium.
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Figure 4. Yield of microbial biomass of B. methylicum, magnitude of lag-period and generation time in
various experimental conditions: initial strain on protonated M9 medium (control) with water and
methanol (a); initial strain on maximally deuterated M9 medium (b); adapted to deuterium strain on
maximally deuterated M9 medium (c): 1 — yield of biomass, % from the control;

2 — duration of lag-period, h; 3 — generation time, h.
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Experimental conditions are given in Table 4 (expts. 1—10) relative to the control (expt. 1) on
protonated medium M9 and to the adapted bacterium (expt. 10’). Various compositions of [U-
2H]MeOH and 2H,O were added to growth media M9 as hydrogen/deuterium atoms could be
assimilated both from C2H;02H and 2H,O. The maximum deuterium content was under conditions
(10) and (10’) in which we used 98 % (v/v) 2H,O and 2 % (v/v) C2H;02H. The even numbers of
experiment (Table 4, expts. 2, 4, 6, 8, 10) were chosen to investigate whether the replacement of
CH;O0H by its deuterated analogue affected growth characteristics in presence of 2H,O. That caused
small alterations in growth characteristics (Table 4, expts. 2, 4, 6, 8, 10) relative to experiments,
where we used protonated methanol (Table 4, expts. 3, 5, 7, 9). The gradual increment in the
concentration of 2H-O into growth medium caused the proportional increase in lag-period and yields
microbial biomass in all isotopic experiments. Thus, in the control (Table 4, expt. 1), the duration of
lag-period did not exceed 20,2 h, the yield of microbial biomass (wet weight) and production of
phenylalanine were 200,2 and 0,95 gram per 1 liter of growth medium. The results suggested, that
below 49 % (v/v) 2H,O (Table 4, expts. 2—4) there was a small inhibition of bacterial growth
compared with the control (Table 4, expt. 1). However, above 49 % (v/v) 2H,O (Table 4, expts. 5—8),
growth was markedly reduced, while at the upper content of 2H,O (Table 4, expts. 9—10) growth got
3,3-fold reduced. With increasing content of 2H,O in growth media there was a simultaneous
increase both of lag-period and generation time. Thus, on maximally deuterated growth medium
(Table 4, expt. 10) with 98 % (v/v) 2H.0 and 2 % (v/v) C2H;02H, lag-period was 3 fold higher with an
increased generation time to 2,2 fold as compared to protonated growth medium with protonated
water and methanol which serve as control (Table 4, expt. 1). While on comparing adapted bacterium
on maximally deuterated growth medium (Table 4, expt. 10’) containing 98 % (v/v) 2H,O and 2 %
(v/v) C2H302H with non adapted bacterium at similar concentration showed 2,10 and 2,89 fold
increase in terms of phenylalanine production and biomass yield due to deuterium enrichment
technique, while, the lag phase as well as generation time also got reduced to 1,5 fold and 1,75 fold in
case of adapted bacterium.

Table 4: Effect of variation in isotopic content (0—98 % 2H,0, v/v) present in growth medium
Mg on bacterial growth of B. methylicum and phenylalanine production

Exp. Media components, % (v/v) Lag- Yield in | Generation Phenylalani
numbe period (h) | terms of wet | time (h) ne
r H,O 2H,0 CH;0H C2H, biomass (g/1) production
02H (g/D
1 98,0 0 2 0 20,241,40 | 200,2+3,20 2,24+0,20 0,95+0,12
(control)
2 98,0 0 0 2 20,3+1,44 | 184,6+2,78 2,4+0,23 0,92+0,10
3 73,5 24,5 2 0 20,5+0,91 | 181,2+1,89 2,4+0,25 0,90+0,10
4 73,5 24,5 0 2 34,6+0,89 | 171,841,81 2,6+0,23 0,90+0,08
5 49,0 49,0 2 0 40,1+0,90 | 140,2+1,96 3,0+0,32 0,86+0,10
6 49,0 49,0 0 2 44,2+1,38 | 121,0+1,83 3,240,36 0,81+0,09
7 24,5 73,5 2 0 45,4£1,41 | 112,8+1,19 3,5+0,27 0,69+0,08
8 24,5 73,5 Y 2 49,3+0,91 | 94,4+1,74 3.8+0.25 0,67+0,08
9 98,0 0 2 0 58,5+1,04 | 65,8+1,13 4,4%0,70 0,37+0,06
10 98,0 0 0 2 60.1£2,01 | 60,2+1,44 4,9£0,72 0,39+0,05
10’ 98,0 0 (o} 2 40,24+0,88 | 174,0+1,83 2,840,30 0,82+0,08

* The date in expts. 1—-10 described the growth characteristics for non-adapted bacteria in growth
media, containing 2 % (v/v) CH;O0H/C2H3;02H and specified amounts (%, v/v) of 2H,0.

** The date in expt. 10’ described the growth characteristics for bacteria adapted to maximum
content of deuterium in growth medium.

***As the control used exprt. 1 where used ordinary protonated water and methanol

The adapted B. methylicum eventually came back to normal growth at placing over in
protonated growth medium after some lag-period that proves phenotypical nature of a phenomenon
of adaptation that was observed for others adapted by us strains of methylotrophic bacteria and
representatives of other taxonomic groups of microorganisms [19, 20]. The effect of reversion of
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growth in protonated/deuterated growth media proves that adaptation to 2H.O is rather a
phenotypical phenomenon, although it is not excluded that a certain genotype determines the
manifestation of the same phenotypic trait in the growth media with different isotopic compositions.
On the whole, improved growth characteristics of adapted methylotroph essentially simplify the
scheme of obtaining the deutero-biomass which optimum conditions are Mg growth medium with
98 % (v/v) 2H,0 and 2 % (v/v) C2H;02H with incubation period 3—4 days at temperature 35 °C.

Literature reports clearly reveal that the transfer of deuterated cells to protonated medium Mg
eventually after some lag period results in normal growth that could be due to the phenomenon of
adaptation wherein phenotypic variation was observed by the strain of methylotrophic bacteria.
The effect of reversion of growth in protonated/deuterated growth media proves that adaptation to
°H,O is a phenotypical phenomenon, although it cannot be excluded that a certain genotype
determined the manifestation of the same phenotypic attribute in media with high deuterium
content. The improved growth characteristics of the adapted bacterium essentially simplify the
obtaining of deutero-biomass in growth medium Mg with 98 % (v/v) 2H,O and 2 % (v/v) C2H;02H.

Adaptation, which conditions are shown in experiment 10’ (Table 4) was observed by
investigating of growth dynamics (expts. 1a, 1b, 1c) and accumulation of L-phenylalanine into
growth media (expts. 2a, 2b, 2¢) by initial (a) and adapted to deuterium (c) strain B. methylicum in
maximum deuterated growth medium Mg (Figure 5, the control (b) is obtained on protonated
growth medium M9). In the present study, the production of phenylalanine (Fig. 5, expts. 1b, 2b, 3b)
was studied and was found to show a close linear extrapolation with respect to the time up to
exponential growth dynamics (Fig. 5, expts. 1a, 2a, 3a). The level of phenylalanine production for
non-adapted bacterium on maximally deuterated medium M9 was 0,39 g/liter after 80 hours of
growth (Fig. 5, expt. 2b). The level of phenylalanine production by adapted bacterium under those
growth conditions was 0,82 g/liter (Fig. 5, expt. 3b). Unlike to the adapted strain the growth of initial
strain and production of phenylalanine in maximum deuterated growth medium were inhibited.
The important feature of adapted to 2H,O strain B. methylicum was that it has kept its ability to
synthesize and exogenously produce L-phenylalanine into growth medium. Thus, the use of adapted
bacterium enabled to improve the level of phenylalanine production on maximally deuterated
medium by 2,1 times with the reduction in the lag phase up to 20 h. This is an essential achievement
for this strain of methylotrophic bacteria, because up till today there have not been any reports about
production of phenylalanine by leucine auxotrophic methylotrophs with the NAD+ dependent
methanol dehydrogenase (EC 1.6.99.3) variant of the RuMP cycle of carbon assimilation. This makes
this isolated strain unique for production of phenylalanine.
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Figure 5. Growth dynamics of B. methylicum (1a, 2a, 3a) and production of phenylalanine (1b, 2b, 3b)
on media M9 with various isotopic content: 1a, 1b — non-adapted bacterium on protonated medium
(Table 1, expt. 1); 2a, 2b — non-adapted bacterium on maximally deuterated medium (Table 1, expt.
10); 3a, 3b — adapted bacterium on maximally deuterated medium (Table 1, expt. 10")
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The general feature of phenylalanine biosynthesis in H.O/2H,O-media was increase of its
production at early exponential phase of growth when outputs of a microbial biomass were
insignificant (Figure 5). In all the experiments it was observed that there was a decrease in
phenylalanine accumulation in growth media at the late exponential phase of growth. Microscopic
research of growing population of microorganisms showed that the character of phenylalanine
accumulation in growth media did not correlate with morphological changes at various stages of
the cellular growth. Most likely that phenylalanine, accumulated in growth media, inhibited
enzymes of its biosynthetic pathways, or it later may be transformed into intermediate compounds
of its biosynthesis, e.g. phenylpyruvate. Phenylalanine is synthesised in cells of microorganisms
from prephenic acid, which through a formation stage of phenylpiruvate turns into phenylalanine
under the influence of cellular transaminases. However, phenylalanine was not the only product of
biosynthesis; other metabolically related amino acids (alanine, valine, and leucine/isoleucine) were
also produced and accumulated into growth media in amounts of 5-6 pumol in addition to
phenylalanine.

With increasing of 2H,O content in growth media, the levels of deuterium enrichment in
[2H]amino acid molecules were varried propotionaly. The similar result on proportional specific
increase of levels of deuterium enrichment into [2H]phenylalanine and other metabolically related
[2H]amino acids (alanine, valine and leucine/isoleucine) was observed in all isotopic experiments
where used increasing concentration 2H.O in growth media (Table 5). Predictably, enrichment
levels of [2H]phenylalanine related to the family of aromatic amino acids synthesised from shikimic
acid and metabolically related [2H]amino acids of pyruvic acid family — alanine, valine and leucine
at identical 2H.O concentration in growth media are correlated among themselves. Such result is
fixed in all isotope experiments with 2H,O (Table 5). Unlike [2H]phenylalanine, deuterium
enrichment levels in accompanying [2H]amino acids — Ala, Val and Leu/Ile keep a stable constancy
within a wide interval of 2H,O concentration: from 49 % (v/v) to 98 % (v/v) 2H,O (Table 5).
Summarizing these data, it is possible to draw a conclusion on preservation of minor pathways of
the metabolism connected with biosynthesis of leucine and metabolic related amino acids of
pyruvic acid family — alanine and valine, which enrichment levels were in correlation within
identical concentration of H,O in growth media (phenylalanine is related to the family of aromatic
amino acids synthesized from shikimic acid). Since leucine was added into growth media in
protonated form, another explanation of this effect, taking into consideration the various
biosynthetic pathways of Leu and Ileu (Ileu belongs to the family of aspartic acid, while Leu
belongs to the pyruvic acid family), could be cell assimilation of protonated leucine from growth
media. Since Leu and Ileu could not be clearly estimated by EI MS method, nothing could be said
about possible biosynthesis of [2H]isoleucine. Evidently, higher levels of deuterium enrichment can
be achieved by replacement of protonated leucine on its deuterated analogue, which may be
isolated from hydrolysates of deuterated biomass of this methylotrophic bacterium.

Table 5: Effect of deuterium enrichment levels (atom%) in the molecules of [2H]amino acids
excreted by B. methylicum*

[2H]amino acid Concentration of 2H,0 in growth media, % (v/v)**

24,5 49,0 73,5 98,0
Ala 24,0+0,70 50,0+0,89 50,0+0,83 50,0+1,13
Val 20,0+0,72 50,0+0,88 50,0+0,72 62,54+1,40
Leu/Ileu 20,0+0,90 50,0+1,38 50,0+1,37 50,0+1,25
Phe 17,0+1,13 27.5+0,88 50,0+1,12 75,0+1,40

* At calculation of enrichment levels protons (deuterons) at COOH- and NH.-groups of amino
acids were not considered because of dissociation in H.O (2H.0O).

** The data on enrichment levels described bacteria grown on minimal growth media Mg
containing 2 % (v/v) C2H;02H and specified amounts (%, v/v) of 2H.O.
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Metabolism of methyl compounds
The process of enzymatic oxidation of methane in the cells of methanotrophs can be
represented schematically in Figure 6.

0, 2H 2H / 2H
CH, CH3OHL HCOH L» HCOOH = CO,
Methane F1 Methanol F2 Formaldehyde F3 Formate F4
NAD-H; NAD+ 1&_} Cell 3

compounds

Figure 6. Diagram of the enzymatic oxidation of methane: F1 — methane monooxygenase;
F2 — methanol dehydrogenase; F3 — formaldehyde dehydrogenase;
F4 — formate dehydrogenase

The initial stage of the oxidation of methane to methanol is catalyzed by NAD-H.-dependent
methane monooxygenase — a key enzyme of aerobic methanotrophs; other enzymes are present in
other members of methylotrophs. The literature describes two forms of this enzyme: associated
with intra-cytoplasmic membranes and soluble methane monooxygenase [21]. Electron donor for
the first form of the enzyme can be the reduced cytochrome (Cyt) or NAD-H,, forming as a result of
the reversed electron transport; for the second form of the enzyme — only NAD(P)H. or
compounds which are oxidized with its formation. Carbon are fixed by the cell at the stage of
carbon dioxide (3) or formaldehyde formation (2) (Figure 6).

Subsequent stages of the enzymatic oxidation of methanol are catalyzed by relevant
dehydrogenases — CytC dependent methanol dehydrogenase, CytC-dependent formaldehyde
dehydrogenase (or its function is performed by methanol dehydrogenase) and NAD+*-dependent
formate dehydrogenase, differing by the structure, the nature of electron acceptors, and other
parameters.

The energy efficiency of the oxidation of C,-compounds by relevant dehydrogenases is
determined by the place of receipt of the electrons along the respiratory chain, which in
composition of transporters and their localization on the membrane is similar to those ones typical
for most aerobic eubacteria. In the oxidative metabolism of C,-compounds are involved NAD-H-,
flavins, quinones, cytochromes a, b, c. Oxidation of methanol to formaldehyde, catalyzed by
methanol dehydrogenase containing as prosthetic group the residue of pyrrolo-quinoline quinone
(coenzyme PQQ), is accompanied by the transfer of electrons in the mitochondrial respiratory
chain at the level of cytochrome c. This process leads to the synthesis of ATP molecule (Figure 7).
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Formaldehyde in methylotrophs is a key metabolite, at which diverge the constructive and
energy pathways [22]. Part amount of formaldehyde is converted into cell substances via the
specific to methylotrophic bacteria assimilation cyclic pathways, while most part of formaldehyde
is oxidized with NAD+-dependent formaldehyde dehydrogenase to formate, which is further
cleaved to CO. with using formate dehydrogenase.

The NAD*-dependent oxidation of formaldehyde and formate suggesting that the transfer of
an electron pair can be linked to the transmembrane movement of protons involving ATP. The
experimental data indicate, however, for smaller outputs of ATP. However, the question on the
level at which the electrons are transferred from formaldehyde and formate into the respiratory
chain is not entirely clear.

Some Gram-positive methylotrophic bacteria can utilize as a substrate for their growth
diethyl ether (C.H;—O—-C.H;). This compound is cleaved at oxidation by oxygenation, resulting in
formation of ethanol (CH;CH,OH) and acetaldehyde (CH;CHO):

C.H;-0-C.H; + O- + NAD'H + H* - CH3;CH.OH + CH;CHO + NAD*+ H.O

A similar oxidation of dimethyl ether to methane in bacteria may result in formation of
methanol and formaldehyde, although the mechanism of the reaction is not completely
understood:

CH;- O-CH;3 + O: + NAD-H* — CH3;0H + HCHO + NAD* + H-O

In contrast to the oxidation of methanol occurring with the participation of methanol
dehydrogenase, the oxidation of primary alcohols is carried out by pyridine-dependent
dehydrogenases.

Experiments carried out by us on the study of the incorporation of deuterium into the
components of the cellular biomass by assimilation [U-2H]MeOH at the growth of methylotrophic
bacteria Methylobacillus flagelatum KT and Brevibacterium methylicum 5652 on the growth
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media with 2 % (v/v) C2H302H, showed a small amount of deuterium entering into the molecules
with carbon of C2H302H (not more than 5 %) [23]. This result is explained by dilution of the
deuterium label at the expense of biochemical processes associated with the decomposition of
C2H302H at its assimilation by the cell, and the isotopic exchange reaction and dissociation in
aqueous media. Thus, of four deuterium atoms in the molecule of C2H302H, only one deuterium
atom at the hydroxy group —O2H is most mobile and therefore readily dissociates in an aqueous
medium to form C2H3OH. The three remaining deuterium atoms in the molecule of C2H302H are
entered into the cycle of enzymatic oxidation of methanol that leads to loss of deuterium label due
to the formation of compounds being more oxidized than methanol. In particular, such
incorporation of deuterium into the components of the cellular biomass confirms the classical
scheme of the enzymatic oxidation of methanol to formaldehyde in methylotrophs cells, which then
utilized by ribulose-5-monophosphate or serine pathway of carbon assimilation.

Assimilation of carbon by methylotrophic bacteria

Methylotrophs are able to form carbon in cells from C,-compounds, as from organic
substrate, as well as due to the assimilation of CO,, formed at oxidation of C,-compounds in the
reduced oxidative pentose phosphate pathway (Calvin cycle), resulting in fixation of carbon
dioxide and formation from it the hexose molecule [24]. Experiments with using *3C-labeled carbon
substrates showed that the bulk of carbon in the cell was derived from oxidized substrate, instead
of CO.. The tricarboxylic acid cycle (TCA cycle) also plays no significant role in the catabolic
pathways of methylotrophs, because TCA-cycle enzyme activity in the cells of methylotrophs is
relatively low. In fact, the carbon source is an intermediate — formaldehyde, which in
methylotrophs is a key metabolite, at which diverge structural and energy pathways leading to the
two main pathways of assimilation of C;-compounds by the cell — ribulose-5-monophosphate and
serine pathways of carbon assimilation [25]. The enzymes which catalyze biochemical reactions are
specific for each cycle.

The ribulose-5-monophosphate (RMP) pathway in many respects is similar to the Calvin
cycle with CO, assimilation with the difference that in this cycle as an acceptor of CO, acts the
pentose molecule. The key reaction of RMP cycle is the addition of formaldehyde to ribulose-5-
phosphate catalyzed by hexoso phosphate synthase with forming a phosphorylated sugar —
hexulose-6-phosphate, which is then isomerized to fructose-6-phosphate with participation of
phospho hexulose isomerase (Figure 8, A). Then fructose-6-phosphate further is subjected to
phosphorylation with phosphofructokinase. The resulting fructose-1,6-diphosphate is splitted into
two molecules of trioses: 3-phosphoglyceraldehyde (3-PGA) and phospho-dioxyacetone, which are
used for further enzymatic reactions. 3-PGA and fructose-6-phosphate is involved in a series of
reactions leading to the regeneration of the acceptor of formaldehyde — ribulose-5-phosphate.
These reactions are similar to those ones for the reduced oxidative pentose phosphate pathway, in
which there occurs the catalyzed by the ribulose diphosphate carboxylase the acceptance by the
ribulose-1,5-bisphosphate a molecule of CO, and subsequent hydrolytic cleavage of the resulting
hexoses into 2 molecules of 3-phosphoglyceric acid (3-PG), subjected to a series of sequential
enzymatic reactions leading to the formation of a molecule of glucose. However, the
reduced oxidative pentose phosphate pathway is not widespread in methylotrophs and is found
only in their individual representatives, which are able to grow autotrophically as well as those
ones which can utilize formic acid (HCOOH) due to CO. assimilation. A prerequisite for the growth
of methylotrophs on formic acid is the ability to synthesize the two key enzymes of the pathway —
phospho ribulokinase and ribulose diphosphate carboxylase.
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Figure 8. The pathways of assimilation of formaldehyde by methylotrophs. A — The ribulose-
5-monophosphate pathway: F1 — hexose phosphate synthase; F2 — phospho hexulose isomerase;
F3 — phosphofructokinase; F4 — fructose-biphosphate aldolase; dashed line indicates the reactions
of regeneration of ribulose-5-phosphate, similar to the corresponding reduced oxidative pentose
phosphate pathway. B — The serine pathway: F1 — serine hydroxymethyltransferase;

F2 — serine glyoxylate aminotransferase; F3 — hydroxy pyruvate reductase;
F4 — glycerate kinase; F5 — enolase; F6 — PEP carboxylase; F7 — malate dehydrogenase;
F8 — malate tiokinaze; F9 — malyl-CoA lyase

The serine pathway differs significantly from the RMP pathway by the nature of formed
intermediates and enzymes (Figure 8, B). The key enzyme in this pathway is serine
hydroxymethyltransferase which catalyzes the formation of serine from glycine and formaldehyde
presented in the form of a derivative of tetrahydrofolic acid (THFA):

HCOH-THFA + CH.NH.COOH — CH.OHCHNH.COOH+THFA

Then through a chain of consecutive reactions of transamination, the consistent recovery and
phosphorylation of which leads to the formation of 3-phosphoglyceric acid (3-PGA) (Figure 8, B).
One part of 3-PGA is used for regeneration of glycine, the primary acceptor of C,; another portion
of 3-PGA under the influence of the enzyme enolase is converted into phosphoenolpyruvic acid
(PEP) and then participates in subsequent reactions. Subsequent carboxylation of PEP with PEP-
carboxylase results in the synthesis of the molecule of oxaloacetic acid (OAA). This reaction is
notable because at this stage into the serine cycle CO. is introduced. Then OAA with involving the
malate dehydrogenase is converted to malate, which in turn under the influence of malil-CoA lyase
splits into glyoxylic acid and acetyl-CoA. Subsequent series of reactions lead to regeneratation of
glycine, and thus, the cycle is closed (Figure 8, B).

Investigation of the distribution of two cyclic pathways of carbon assimilation in facultative
and obligate methylotrophs — RMP and serine pathways has led to the establishment of interesting
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features on the structure of the intra-cellular membrane [26]. Thus, the assimilation of
formaldehyde through the RMP pathway is characteristic for methylotrophs with type I of
membrane organization, and through the serine pathway — for methylotrophs with a system of
intracytoplasmic membranes of type II. Another distinctive feature is that in the facultative
methylotrophs the serine pathway is more common. Among the obligate methylotrophs the serine
pathway functions only in those microorganisms which have membrane system of type II
(Methylosinus, Methylocystis), and RMP pathway — in methylotrophs with a membrane system of
type I (Methylomonas, Methylobacter, Methylococcus).

Evolution of methylotrophic bacteria

Since the nutritional needs of chemoautotrophs and methylotrophs are very simple, they were
considered to be primitive organisms belonging perhaps to the earliest forms of life on Earth [27,
28]. Lately the submission of their place in the evolution of living organisms have changed.
Biochemical apparatus of methylotrophic bacteria is just as complicated as that one for most of
chemo-heterotrophs [29]. It is supposed that the first living organisms on Earth originated in
anaerobic conditions, when primitive ocean was rich in organic matter formed at earlier stades of
evolution. Oxygen-rich biosphere arose much later, about 2 billion years. ago. This important
geochemical revolution in evolution is explained by photosynthesis. With such a character of the
evolution the aerobic chemo-autotrophs and methylotrophs could appear only after oxygenic
photosynthesis had been evolved. It can be assumed that chemo-autotrophs and methylotrophs
could evolved from common prokaryotic microorganisms precursors that carry out photosynthesis,
but lost the photosynthesis apparatus, and their electron transport chain functioning in
photosynthesis, began to carry out a new feature of assimilation of C,-compounds. Some
contemporary representatives of the two major groups of prokaryotes, photosynthetic and non-
photosynthetic ones, have very interesting properties. These ones include the existence of several
complex characteristic of these types of systems of internal membranes; absence of a functioning of
tricarboxylic acid cycle; availability of the Calvin cycle, or its analogue, the pentose phosphate
cycle; localization in carboxysomes the key enzyme of the Calvin cycle (ribulose diphosphate
carboxylase). Recent studies suggest the role of methylotrophs in the evolution of microorganisms.
Methylotrophs play a crucial role in the circulation of methane and other C,-compounds in the
biosphere, which are maintained at a constant level, mainly due to the activity of methylotrophs.

Conclusions

Methylotrophs — taxonomycally heterogeneous group of microorganisms presented by
chemoteterotrophic obligate and facultative methylotrophic bacteria and yeasts, capable of
assimilating carbon from more reduced than CO. C;-compounds. Practical interest to this
taxonomic group of methylotrophs is associated with the peculiarities of their metabolism and with
the prospects of their practical use in biotechnology as producers of high-grade feed protein and
essential amino acids, and other important natural biologically active compounds, such as
pigments, carbohydrates and lipids. Digestibility of biomass of methylotrophic bacteria eukaryotes
makes up 85-98 %, and the productivity, as measured by a conversion of methanol amountds
37,6—67,5 %. Due to good growth in minimal media with methanol, high yields of biomass and
bioconversion level of methanol into the components of the cell biomass (with conversion
efficiency 15,5—17,3 g dry biomass per 1 g of consumed substrate) methylotrophic bacteria are
regarded as cheaper sources of protein and essential amino acids. The profitability for obtaining
the microbial protein is determined for methylotrophs mainly by the cost of such inexpensive and
available substrate, as is methanol.
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AnHoTanua. Mertwiotpodbl — aspoOHbIe XeMOreTepoTpodHble MHKPOOPTaHU3MBI,
IIpe/ICTaBJIeHHble KOKKOBUJHBIMH U TaJOYKOBUJHBIMU IOABWKHBIMU (OpMaMHU, SABJIAIOTCA
obUTaTesIIMH BOJOEMOB U IIOYB PAa3JIMYHOIO THUIIA, IPOTEKAIOT IPOIECChl Pa3JI0KEHUA
OpTaHUYECKHX BEIEeCTB ¢ 00pa3oBaHUEM OAHOYTIEPOAHBIX Ci-COeIUHEHUH 1 HEKOTOPBIX Co- 1 Cs-
COEeIUHEHUM, CIIOCOOHBIX ACCUMWJIMPOBATHCSA MeTHIOoTpopaMu. IATHU MHUKPOOPTaHU3MBI,
acCUMUJIMPYIOIIe YIJIepo/ 1o pubyio3oMoHobocHaTHOMY U CEpUHOBOMY ITUKJIAM, BBIZIEJIAIOT U3
MIOYBBI, CTOYHBIX BOJ, COZEPIKAIMX THUIONIHE PACTUTEJIbHbIE OCTAaTKH, W3 pyOIla >KBaUHBIX
JKUBOTHBIX U JIDYTUX UCTOYHHUKOB. MeTWIOTpodHbIE OaKTEPUU B IOCJIE/THEE BPEMS IMPUBJIEKAIOT
Bce OoJIbIlIee BHUMaHKE OMOTEXHOJIOTUU KaK yZA0OHbIe UCTOYHUKH MHOTOYHCIEHHBIX TPUPOIHBIX
OMOJIOTUYECKH aKTHUBHBIX COEAWHEHUU — KOPMOBOTO Oejika M He3aMEeHUMbBIX aMHHOKHUCIIOT,
KapOTUHOUJHBIX MHUTMEHTOB, JIMINUIOB U MOJHCAaXapuaoB. I TMOJydyeHUsA 5TUX COeJUHEHUU
HCIIOJIb3YIOT FeHeTHUUeCKU MapKUPOBaHHbIE METHIOTPO(MHBIE IITAMMbI IIPOAYIIEHTHI, ITOJyUeHHbIE
B pe3yJbTaTe reHHO-UH)KEHEPHBIX IMO/IXOJI0OB U cesieKIuu. PazpaboTaHHble 3a IOC/Ie/IHEE BpeMs
reHHO-UH)KeHepPHble MeTO/Ibl MAaHUIYJIUPOBAHUSA T€HOMOM METUJIOTPOGOB MO3BOJIAIOT CO3/]aBATh
BEKTOPBI SKCIPECCHU 3YKAPUOTUUYECKUX 0eJIKOB MEeJUIIMHCKOTO U BETEPUHAPHOTO Ha3HAYeHUs,
MIpeK/ie BCero YeJI0BeYeCKUX UHCYJIMHOB Ha ocHOBe MUKpoOHOU JIHK MeTunoTpodHbIX 6akTepuil.
B pganHOW 0030pHOHM CTaThe TIPUBOMAATCSA JIaHHBIE, BKJIIOYAs Ppe3yJIbTAaThl COOCTBEHHBIX
HCC/IEIOBAHUM aBTOPOB, II0 SBOJIIOIUUA METWIOTPOMHBIX OaKTepuid, MeTaboJu3My U UX
OMOTEXHOJIOTHYECKOMY HCIIOJIH30BAHMUIO.

KirroueBsble c10Ba: METIIOTPO(HbIE MUKPOOPTAaHU3MbI; SBOJIIOLH; MEeTab0IU3M.
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Abstract

Climate change is one of the major issues affecting all of us on our planet. Predicted increase
in temperature and decrease in precipitation due to climate change may add complexity and
uncertainty to plant and agricultural systems and threaten their sustainable management. It is well
known that beneficial plant-associated microorganisms may stimulate plant growth and enhance
resistance to disease and abiotic stresses. Climate change will also influence crop quality and the
dynamics of the relationships between pests/diseases and crops. Changes in climatic factors like
temperature, solar radiation and precipitation have potentials to influence crop production.
This now makes it possible to test whether some general patterns occur and whether different
groups of plant-associated microorganisms respond differently or in the same way to climate
change.

Here, we review and discuss how the climatic parameters including atmospheric CO, and
temperature influence the plant—microbe interaction in polluted soils. This review shows that
predicting how plant—microbes interaction responds to altering climatic change is critical to select
suitable crop plants that would be able to produce more yields and may tolerate multi-stress
conditions.

Keywords: Climate change; Agriculture; Plant — Microbe interaction and Microorganisms.

Introduction

The soil is the third largest global stockpile of carbon and, together with plants, contains
around 2.7 times more carbon than the atmosphere. As a result, there is much concern that climate
change will augment the decomposition of this carbon, potentially shifting soils from being carbon
sinks to sources of atmospheric carbon dioxide and thereby accelerating climate change—the so-
called carbon cycle feedback. On the contrary, there is much current debate about the potential to
increase the capacity of soils to sequester carbon from the atmosphere and hence mitigate climate
change. Recent studies reveal that both of these processes, namely the loss and gain of carbon in
soil, are strongly regulated by plant—microbial—soil interactions.
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Soil is as an excellent medium for the growth and development of plants as well as microbes
and plant-microbe interaction in soil is either beneficial or harmful. The beneficial plant-microbe
interactions are caused by symbiotic or non-symbiotic bacteria and a highly specialized group of
fungi (mycorrhizal fungi). Beneficial plant-associated microbes are known to stimulate the plant
growth and enhance their resistance to degenerative diseases and abiotic stresses. Bacterial genera
such as Azospirillum, Bacillus, Pseudomonas, Rhizobium, Serratia, Stenotrophomonas and
Streptomyces fall under this category. These are popularly known as plant growth promoting
rhizobacteria (PGPR).

Growth promoting substances are produced in large quantities by these soil microorganisms
that influence indirectly on the overall morphology of the plants. Mycorrhizal fungi, on the other
hand are known for its symbiotic associations with the roots of many different plants ranging from
garden vegetables up to the trees of old growth forests..

World population continues to grow, resulting in significant increases in urban development
and agricultural, economic and industrial activities. Deforestation and habitat destruction are
accelerating rapidly to accommodate the need for open space to support increasing population
growth. Accompanying this are increased emissions of gases from agriculture, combustion of fossil
fuels, and industrial processes. This has resulted in changes in the chemical composition of the
atmosphere. Concern about increased emission of gases into the atmosphere focuses on the
possible or potential effects of accumulation of these gases above levels that can be tolerated and
balanced by the self-regulating processes and dynamics of the atmosphere.

Carbon is the key source for the growth of many microorganisms and change in climate has
severe affect on the growth of different microorganism through different ways likely wise either of
direct or indirect path. In regard of direct effects, recent studies show that even subtle warming
(by approximately 1°C) can directly stimulate microbial activity causing an increase in ecosystem
respiration rates in subarctic Pearland.

Fungi and bacteria play crucial roles in ecosystem function including decomposition of dead
biological material, mineral nutrient cycling and as pathogens of plants and animals. In the last few
years, more attention has been paid to direct climate change on these microbes if they are exposed
to sunlight (such as on foliage surfaces or litter). Changes in species composition and biodiversity
of these microbes in response to climate change have been documented and many of these changes
appear to be related to how well species and strains of these fungi and bacteria tolerate [1-3].

Beneficial fungi that infect plant roots and assist in absorption of nutrients (termed
mycorrhizae), although not exposed to solar radiation, might be indirectly affected by UV-B
exposure of the host plant shoots [4-5]. Bacteria and fungi can also be pathogenic for both plants
and animals, although Beneficial microorganisms and plant pathogens have received more
attention than animal pathogens with respect to climate change [6-8].

Plant growth, disease incidence, productivity can be increased or reduced by several
environmental factors. Increasing disease severity is thought to primarily involve modifications in
the host plant tissues, while decreased severity appears due either to host plant changes or direct
damage to the pathogen [8].
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Figure 1. Plant — microbe interaction

Pathogens of insects and other animals may also be influenced by climate change. Studies
involving biological control of insect pests using pathogens provide some indication of how change
in climatic factors like UV rays, green house gas emission, water supply etc. may affect pathogens.

In general, there remains much uncertainty about how soil organisms directly respond to
warming. For instance, it is unclear whether increases in microbial activity and carbon cycling in
response to warming will be sustained due to short-term depletion of fast-cycling soil carbon pools,
or whether soil communities will adapt to a warmer world [9].
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Here, we review and discuss how the climatic parameters including atmospheric CO.,
temperature and drought influence the plant—microbe interaction in polluted soils. This review
shows that predicting how plant—microbes interaction responds to altering climatic change is
critical to select suitable crop plants that would be able to produce more yields and may tolerate
multi-stress conditions.

Effect of carbon dioxide (CO-)

Tropospheric concentration of CO, continuously projected to increase from 355 ppm (v/v) to
710 ppm, by the year 2050. Enormous studies have been done on the beneficial effects of elevated
CO., concentrations on biomass production, probably due to increased water use efficiency.
There is a relatively large number of studies on the beneficial effect of increased concentration of
atmospheric CO2 on plant growth. Much less is known about CO., effects on the incidence and
severity of biotic diseases of plants.

In the last few years, approximately 3,000 reports have been published on the subject (Jones
& Curtis, 2000; Loladze, 2002). High CO. concentration results in benefits for plant growth,
although there might be differences among species to species. Several authors reached the same
conclusions with different crops, natural ecosystems and forest species.

Most soil-inhabiting fungi tolerate more than 10—20-fold increases in atmospheric CO,
concentration. Some typical soil-borne plant pathogens like species of Phytophthora,
Aphanomyces, Sclerotium and different pathotypes of Fusarium oxysporum have been
found to be well adapted to and even multiply better at high CO* and low O2 levels.

CO2 enrichment promotes changes in plant metabolism, growth and physiological processes.
There is a significant increase in the photosynthetic rate and a decrease in the transpiration rate
per unit leaf area, while total plant transpiration sometimes increases, due to the larger leaf area
(Jwa & Walling, 2001; Li et al., 2003). Stimulation of growth by carbon dioxide has been attributed
to CO, fixation by the fungi. Carbon dioxide can be used as additional C-source by some fungi and
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incorporated into organic acids, like oxaloacetic acid, fumaric or citric acid, thus entering the Krebs
cycle to be utilized for energy supply and growth (Tabak & Cooke, 1968; Wells & Uota, 1970).
Isolates of Rhizoctonia solani and Pythium irregulare were inhibited by CO2
concentrations exceeding 510 %. Griffin and Nair (1968), however, reported that an isolate of
Sclerotium rolfsii had reduced mycelial growth at near ambient CO Rhizopus stolontfer,
Cladosporium herbarum, Botrytis cinerea, Aspergillus niger and Alternaria tenuis
were inhibited at CO, concentrations exceeding 5-10 %.

Soilborne diseases have been studied either by fumigating the soil containing inoculums or
by incubating plants in enriched CO* atmospheres while growing in infested soil. In most cases,
however, experiments were made with realistic CO* concentrations only for soil air composition,
but far too high compared with the atmospheric CO.. Carbon dioxide favors soil bome infections by
Fusarium spp., especially the incitant of snow mold of cereals, and the members of the
F. oxysporum group.

In a study it was found atmospheric concentration of O2 normally inhibits CO2 absorption by
plants, and triggers photorespiration. With a rise in CO2 concentration, the inhibition of
photosynthesis by O2 tends to decrease due to an increase in the CO2:02 ratio. The number of
infected barley seedlings grown in that soil was significantly greater than those from soil fumigated
with normal air.

Other root diseases caused by Pythium splendens or Thielaviopsis basicola on
poinsettia were not affected by elevated CO, atmospheres in the greenhouse (Zornbach &
Schickedanz, 1987). Undoubtedly, the prevalent effect of a global rise of CO, on biotic diseases will
be exerted via changes in the physiological and morphological status of the host plant.

Few studies were conducted in controlled conditions, which might not reflect plant responses
in the field, where there are variations and interactions among temperature, precipitation, and
other factors.

The increase in plant biomass production, i.e., the increase in production of shoots, leaves,
flowers and fruit, represents more tissue that can be infected by pathogens. Increased carbohydrate
contents can stimulate the development of sugar-dependent pathogens, such as rusts and powdery
mildews. Increases in canopy density and plant size can promote higher growth, sporulation and
spread of leaf infecting fungi, which require high air humidity, but not rain, as rusts, powdery
mildews and leaf necrotrophs. The increase in crop residues can represent better survival
conditions for necrotrophic pathogens. The reduction in stomatal opening can inhibit stomata
invading pathogens, such as rusts, downy mildews and some necrotrophs. The shortened growth
period and accelerated ripening and senescence can reduce the infection period for biotrophic
pathogens, and increase the necrotrophic pathogen populations. The increase in root biomass
increases the amount of tissue that could be infected by mycorrhyza or soilborne pathogens, but
can compensate the losses inflicted by the pathogens. Higher root exudation can stimulate both
pathogens and antagonistic microbiota in the rhizosphere (plant growth promoters).

Effects of temperature

Global warming, a gradual increase in planet-wide temperatures due to CO2 and other
greenhouse gasses has long been known to affects the physiology, development, growth and
productivity of plants. It is well known that the temperature that is higher than the ideal increases
the transpiration and stomatal conductance, but decreases the photosynthesis resulting in
significant reduction in the plant biomass yield (Djanaguiraman et al., 2010; Qaderi et al., 2012).

Studies have considered the effects of temperature on plants as well as on microorganisms
and it was found that only few studies that have deal with the interactive effects of higher
temperature on plants in soils (Li et al., 2012). In general soil warming can affect the nutrient
through altering release of soluble metal ions in to soil solution via decomposition of SOM, lysis of
microbial cell and the destruction of soil aggregates, thereby changing metal bioavailability, its
uptake and distribution in plant tissues.

It has also been reported that elevated temperature can increase the release of trace elements
from organic to exchangeable complex through enhancing the soil enzymatic activity (Sardans and
Penuelas, 2006) and thereby increasing plant metal uptake.

It is known that the elevated temperature increase the active sites on the root surface and/or
change the lipid composition of the plasma membrane (Lynch and Steponkus, 1987) and thereby
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its fluidity, and so facilitate both passive and active metal flux through the membrane (Fritioff et
al., 2005). Since trace elements (e.g., Cu, Zn and Fe) have important roles in a large number of
enzymes regulating many physiological processes, the higher enzyme activity and protein syntheses
in temperature-increased environments may allow for greater metal uptake at additional uptake
sites on membranes or an increased release of molecules facilitating metal uptake. However, it is
also found decreased Cd, Pb, Fe, Zn and Cu concentrations in tubers on increased temperature and
suggested which was related to dilution effect due to temperature induced growth rate of tubers.
This result indicates that higher temperature greatly influences the element uptake or its
accumulation (e.g., Cu, Zn and Fe) in plants through enhancing physiological processes and
consequently the nutrient demand.
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Conclusions and recommendations

The effects of climate change on plant growth in metal polluted soils will be complex,
particularly plant species with narrow ranges of tolerance to various stress factors may have
difficulty adapting to future climatic conditions. Since the direct and/or indirect effects of climate
change on heavy metal mobility in soils may further hinder the ability of plants to adapt and make
them more susceptible, further research is required to assess and predict how both climate change
and heavy metals will influence the biomass production, metal accumulation and eco-physiological
response in plants. The outcome of such studies will improve our understanding of interactions
between external stress factors and biological processes and provide a stronger scientific
background to counteract negative consequences of climatic changes on plants growing in metal
polluted soils.

Several plant-associated microbes which are tolerant to various stress conditions including
drought, heavy metals and temperature, were identified. Moreover, these microbes might have
various plant growth promoting traits necessary to establish the plants under the conditions
prevailing in metal polluted soils. In general, the climatic changes particularly the CO2 increases
plant growth and improve plant—microbe interactions. It is likely these benefits will also occur in
plants growing in metal polluted soils, but data to support this are lacking. Moreover, it is yet to be
determined whether plants growing in metal contaminated soils under altered environmental
conditions release more root exudates and thereby alter colonization/ survival potential of specific
stress tolerant and/or plant beneficial microbes.
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Thus, attempts should be made to assess and predict how the future climate change will
influence the diversity, distribution, and activity of soil microbes and their capable of contributing
to the overall plant growth and/or phytoremediation potential in metal polluted soils. This will
provide not only an improved knowledge on biodiversity and microbial community structure, but
also how climate change influences the plant—microbe—metal interactions in polluted soils.

Recent experiments have demonstrated that the e[CO2] and/or inoculation of plant-
beneficial microbes is a successful tool to improve the plant growth and heavy metal
phytoextraction process in polluted soils. However, the issues of the harmful effects of climate
change on the production and quality of food and feed are scarcely considered. Thus, determining
the impacts of climate change on various factors (metal bio-availability, microbial diversity, etc.)
potentially altering the biomass production and heavy metal accumulation in crop plants is of
critical importance. Moreover, such knowledge is required to develop soil management strategies
for food crops to adapt future climatic change as well as to reduce the entry of heavy metals into the
food chain.

Finally, though the evidence gathered so far demonstrates that climate change is likely to
have a significant impact on plant growth, the exact consequences of future climate change on
plant—mictrobe interaction are difficult to predict due to the complex interactions between various
climate parameters (e.g., CO2, temperature) and soil physic biochemical properties (soil nutrition,
microbial diversity, heavy metal concentration, etc.,). Therefore, research involving the interactive
effects of various environmental factors on plant response to climate change on different type of
soils is required before generalizations can be made.
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