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Abstract

The aim of the current study was to evaluate the total phenolic, flavonoid content and to
investigate the antioxidant capacities of the fruit extracts of Arbutus unedo L. that grows in Tiaret
area (Western Algeria). First we have extracted the fruit by some non-polar solvent (chloroform,
ethyl acetate, 1-butanol).

Total phenolic content and total flavonoid content were evaluated according to the Folin-
Ciocalteu procedure, and a colorimetric method, respectively. Extracts content was determined by
using a high-performance liquid chromatography (HPLC)-UV method. The total phenolic contents
of A.unedo L. varied between 12.75+0.06 to 34.17+1.36 mg gallic acid equivalent/g of dry weight of
extract. The total flavonoid varied from 2.18+0.10 to 6.54+1.14 mg catechin equivalent/g.

The antioxidant potential of all extracts was evaluated using 1,1-diphenyl-2-picrylhydrazyl
(DPPH) free radical scavenging activity, the IC50 of acetate ethyl was the best by 0,009 mg/ml may
due to the phenolic compound, in the second was the chloroform extract by IC50=0,015mg/ml, in
the third was butanol extract by IC50= 0,022 mg/ml and in the last was water extract by IC50=
0,048mg/ml. the antioxidant activity of all extracts was better than ascorbic acid. The extract
obtained under optimum conditions was analyzed by HPLC and five flavonoid compounds were
identified; they are catechin, apiginin, silybin, fisetine and naringin.

Keywords: antioxidant activity; Arbutus unedo L.; fruit; flavonoids; phenols; HPLC;
Western Algeria.

Introduction
The fruits of the strawberry tree (Arbutus unedo L.) are consumed mainly as processed
product, but may be a good source of antioxidants if consumed as fresh fruit (Pallauf et al, 2008).
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A. unedo, the strawberry tree, belongs to the Ericaceae family, and it is native of the Mediterranean
climate (Celikel et al., 2008). It grows wildly in Mediterranean basin from sea level to about 600 m
above sea level (Ayaz et al., 2000).

This species have been traditionally used as food, by using the arbutus berries in the
production of alcoholic beverages, jams, jellies and marmalades (Alarcao-e-Silva et al., 2001;
Pallauf et al., 2008); and as phytopharmaceuticals. The fruits are well known in folk medicine as
antiseptic, diuretic, and laxative, while the leaves are used as astringent, diuretic, urinary anti-
septic, antidiarrheal, depurative and more recently in the therapy of hypertension, diabetes and in
the treatment of inflammatory diseases (Ziyyat et al., 1997; Ziyyat and Boussairi, 1998; Mariotto et
al., 2008; Afkir et al., 2008). It is therefore of considerable interest to validate the bioactivities of
A. unedo fruits in cell/organism-based assays to assess their potential therapeutic effect against a
wide range of human diseases.

Polyphenolic compounds, such as phenolic acids and flavonoids, are important constituents
in many plants, and their identification and quantification can give vital information relating to
antioxidant function, food quality, and potential health benefits (Vesna et al, 2004). Wild fruits
have been for a long time part of the human diet. In rural areas, wild fruits are consumed because
of economic reasons not only as vitamin sources but also for medicinal purposes. Recent studies
have focused on the description of phenolic compounds, such as flavonoids, phenolic acids and
anthocyanins, as a part of the antioxidant compositions of these fruits (Pawlowska et al., 2006;
Barros., 2008).

This paper is concerned with high performance liquid chromatography (HPLC) qualitative
analysis of in A.unedo L. extracts obtained by successive extraction with solvents of different
polarities (chloroform, ethyl acetate,1-butanol). Total phenolic and flavonoid contents as well as
antioxidant activity of different extracts were investigated.

Materiel and methods:
Sample preparation and extraction

Biological material

Fruits of A.unedo L. (Ericaceae) were collected, in November 2013, from Guezoul djebel
located at the end in North of the wilaya of Tiaret (latitude 35°22'26" N, longitude 1°10'30" E,
altitude 1150 m), characterized by a semi-arid climate at fresh variant.

Powder preparation

Fruits randomly collected were oven dried (<40 ° C) until a constant dry weight, then ground
to a fine powder using an electric grinder and finally stored at darkness at 25 ° C.

Extraction

100 g of fine powder of the dried fruit were macerated in a hydro-alcoholic mixture
(methanol / water 80/20: v/v) for 72 hours, in the dark at room temperature, with renewal of
solvent every 24 hours (350 ml x 3). Macerate was filtered through filter paper to obtain a clear
extract, and then solvent was evaporated under vacuum at a temperature of 40° C, 200 ml of
distilled water was added to the residue, extract was kept for 48 h in a refrigerator, then decanted,
and was filtered again through filter paper (Lim et al., 2012).

The liquid-liquid extraction has been then carried out with three organic solvent system of
increasing polarity: 200 ml of petroleum ether, 200 ml of chloroform, 200 ml of ethyl acetate and
finally 200 ml of 1-butanol (Benhammou et al., 2007). The residue of each solvent extract was
dissolved in water, frozen and lyophilized. Chloroform, ethyl acetate, 1-butanol and aqueous crude
extract powder were used for investigate phytochemical compounds, determination of total
phenols, flavonoids content, antioxidant screening and for HPLC.

Determination of total phenolic contents

Total soluble phenolics of each fraction (chloroform, ethyl acetate, 1-butanol, aqueous) were
determined with Folin-Ciocalteu reagent according to the method of (Singleton et al, 1999) using
gallic acid as a standard phenolic compound. A volume of 40 uL of each fraction and standard was
transferred into separate test tubes and to each added 3.16 mL water and 200 pL of Folin-
Ciocalteu's reagent. The mixture was mixed well, waited for 8 min and then added 600 pL of
sodium carbonate solution with continuous stirring. The solution was allowed to stand for 1 hour at

161




European Journal of Molecular Biotechnology, 2014, Vol.(6), N2 4

room temperature in a dark place and the absorption was measured at 750 nm using a
spectrophotometer. The concentration of total phenolic compounds of all fractions of A.unedo fruit
was determined as milligrams of gallic acid equivalent (GAE).

Determination of Flavonoid Content

The total flavonoid content of different fractions was analyzed by using catechin as standard
(Kim et al., 2003). To 1 ml of extract solution (each of 100 ug/ml concentration), 4 ml of distilled
water, 300 pl of sodium nitrite and aluminium chloride were added. The mixture was incubated at
room temperature for 5 min. After the completion of incubation, 2 ml of sodium hydroxide was
added and final volume of solution was raised to 10 ml by addition of distilled water. The
absorbance of samples was measured at 510 nm. The total flavonoid content for all the fractions
was expressed in terms of catechin equivalents (mg/g).

DPPH free radical-scavenging activity assay

The DPPH radical scavenging activity of extract was measured according to the slightly
modified method of Liyana-Pathirana and Shahidi (2005). Sample extracts at various
concentrations were taken and the volume was adjusted to 100 pl with methanol. 900 pl of 0.1 mM
methanolic solution of DPPH was added and shaken vigorously. The tubes were allowed to stand
for 20 min at 27 °C. The absorbance of the sample was measured at 517 nm. Radical scavenging
activity was expressed as the inhibition percentage of free radical by the sample and was calculated
using the formula: % DPPH radical scavenging activity = (control OD - sample OD/control
OD) x 100.

Qualitative HPLC Analysis:

Analysis of extracts and standards were performed by Liquid chromatography was performed
using a Shimadzu HPLC apparatus equipped with two LC-6A Vp pumps, an UV- VIS SPD-10A
Module, an SLC-6B system controller, a Rheodyne injector 20 pL loop with RP-8 LiChroCart
column (125 mm x 4.60 mm, 5 um particle size). Chromatograms were obtained and analyzed
using the software Class-VP ® (Shimadzu, Tokyo, Japan). The mobile phase consisted of a binary
mixture of methanol- water (50:50 v/v) adjusted to pH 2.8 with phosphoric acid (Kunti¢ et al
2007) at isocratic flow rate of 1.0 mL min-1. The absorbance was monitored at A = 280 and 350
nm.

The need to know and identify flavonoidy individual compounds in the samples requires the
replacement of traditional methods of separation techniques. High performance liquid
chromatography is probably the most widely used analytical technique for characterizing the
polyphenolic compounds (Gomez-Caravaca et al., 2006). This technique is used for the qualitative
analysis of different extracts of the fruit of A.unedo L. taken from Tiaret area.

Statistical analysis
All tests were performed in triplicate and the results are presented as meanztstandard
deviation (SD). Differences with P values of <0.05 were considered significant.

Results and discussion
The yields of the extracts obtained per 100 g of dry plant material with the different solvents
are given in Table 1.

Extract Total extract
(g/100 g of dry plant
material)
Chloroform 0.25 + 0.06
Aqueous 1.75 + 0.16
1-butanol 0.34 + 0.09
Ethyl acetate 0.44 £0.09

The yield of aqueous extract was higher than yield of ethyl acetate,1-butanol and chloroform
extract.
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Total phenolic and flavonoid content

Total phenolic content of four crude extracts was determined by Folin-Ciocalteu method
(Figure 1). Total phenols of A.unedo L. extracts were calculated according to the equation y=
0.001X + 0.0015 (r2= 0.995) as Gallic Acid Equivalent (GAE, mg/g dry material), while total
flavonoid contents were determined in accordance with the equation y= 0.002 x - 0.003 (r2=
0.993) obtained by calibration curves as Catechin Equivalent (CE, mg/g dry material).

Total phenolic varied in different extracts was reported in Table 1: 29.46, 12.75, 34.17 and
32.84 mg Gallic Acid Equivalent /g of the dry extract in chloroform, aqueous, 1-butanol and ethyl
acetate extract, respectively. Among the four crude extracts, 1-butanol extract contained the highest
(34.17 mg GAE g of dry extract) amount of phenol compounds.

Figure 1: Gallic acid standard curve.

y=0,001x+ 0,015

R?=0,995"
0.6 ?;*;

Absorption
o
(1]

0 100 200 300 400 500 600

Concentration mg/L

Table 1: Total phenolic content in A.unedo L. extracts

Extract Total phenolic
content (GAE mg/g
extract)
Chloroform 20.46 + 0.34
Aqueous 12.75 £+ 0.06
1-butanol 34.17 + 1.36
Ethyl acetate 32.84 £0.53

In regard to the amount of flavonoids in the different crude extracts varied from 2.18 to 6.54
mg catechin equivalent/g (Tableau 2), chloroform extract contained a higher content of flavonoids
(6.54 mg CE/g of the dry material), compared to ethyl acetate (5.59 mg CE/g), 1-butanol (3.61 mg
CE/g) and aqueous extracts (2.18 mg CE/g) (figure 2).
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Figure 2: Calibration cruve of quercetin standard.
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Table 2: Total flavonoid content in A.unedo L. extracts

Extract Total flavonoid
content (CE mg/g
extract)
Chloroform 6.54 + 1.14
Aqueous 2.18 + 0.10
1-butanol 3.61 + 0.59
Ethyl acetate 5.59 + 0.82

Figure 2: IC50 (ug/mL) values of the DPPH assay in A.unedo L. fruit fractions
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The IC50 value is a widely used parameter to measure the free radical scavenging activity.
Alower IC50 indicates a higher antioxidant activity (Maisuthisakul et al., 2007). IC50 values for
1-butanol, aqueous, chloroform and ethyl acetate extract were: 0.022, 0.048, 0.015 and 0.009
mg/ml respectively, compared to the other work carried out by (Bouzid and Toumi, 2014). Several
studies provide evidence to the fact that DPPH-scavenging ability is a reliable index of antioxidant
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potential. The difference in the antioxidant activity of extracts may be attributed to the difference
in the total phenolic and flavonoid content as well as the composition of these bioactive
phytochemicals (sing et al., 2007). Reveals that fruits and vegetables have high values of important

nutrients and phytochemicals which exhibit antioxidant functions (Hamza et al., 2013).

Identification of Various Phenolic Acids and Flavonoids in A.unedo L.

Based on these results, HPLC analysis was employed to define qualitative content of phenolic
acids in A.unedo L extracts. HPLC Chromatograms of standards and different extracts are
represented in Figure 4. (Naringin, Catechin, Apiginin, Fisetin, Taxifolin, Silybin) were identified
in the investigated extracts by comparing spectra with those of standards (Figure 3).

Figure 3: HPLC chromatogram of part of phenolic standards at 280 nm
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Peaks: 1, Naringin; 2, Catechin; 3, Apiginin; 4, Fisetin; 5, Taxifolin; 6, Silybin.
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Figure 4: HPLC profiles of four fruit extract at 280 nm.
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Peaks: 1, Naringin; 2, Catechin; 3, Apiginin; 4, Fisetin; 6, Silybin

The results of qualitative HPLC analysis showed that Taxifolin was absent in all the fruit
extract. Catechin and fisetin are present in chloroform extract, apeginin and silybin in 1-butanol
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extract. These phenolic acids were not detected in aqueous extract, while ethyl acetate extract
contained only naringin.

Peaks 1, 2, 3, 4 and 6 were positively identified as Naringin, Catechin, Apiginin, Fisetin and
Silybin respectively, by comparing the retention time, absorption and mass spectra with that of
standards (Figure 3 and 4). Figure 5 shows the chemical structures of phenolic compounds
positively identified by comparison with standards.

Figure 5: Structures of phenolic compounds detected in fruit extracts.
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Conclusion

In conclusion, this study indicates that the extracts obtained from the fruit of A. unedo L.
have significant free radical scavenging activity on stable DPPH. and high reactive hydroxyl
radical. The data suggest that aqueous, ethyl acetate and chloroform extracts of A.unedo L. from
Tiaret area are a potential source of natural antioxidants.
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Abstract

The composition of water, its temperature and pH value was analyzed in experiments with
modelling of primary hydrosphere and possible conditions for origin of first organic forms in hot
mineral water. For this aim the authors performed experiments with hot mineral and seawater
from Bulgaria by IR-spectrometry (DNES-method). As model systems were used cactus juice of
Echinopsis pachanoi and Mediterranean jellyfish Cotylorhiza tuberculata. It was considered the
reactions of condensation and dehydration in alkaline aqueous solutions with pH = 9—10, resulting
in synthesis from separate molecules larger organic molecules as polymers and short polipeptides.
It was shown that hot alkaline mineral water with temperature from +65 °C to +95 °C and pH value
from 9 to 11 is more suitable for the origination of life and living matter than other analyzed water
samples. The pH value of seawater on contrary is limited to the range of 7,5 to 8,4 units. Two
common local maximums were observed in the IR-spectra of jellyfish and seawater, which were
more pronouncedly expressed in IR-spectra of jellyfish.

Keywords: deuterium; hydrosphere; evolution; origin of life; IR-spectrometry.

Introduction

Previous biological experiments with D.O and structural-conformational studies with
deuterated molecules, performed by us, enable to modeling conditions under which the first living
forms of life might be evolved [1—3]. The content of deuterium in hot mineral water may be
increased due to the physical chemical processes of the deuterium accumulation. It can be
presumed that primary water might contain more deuterium at early stages of evolution of first
living structures, and deuterium was distributed non-uniformly in the hydrosphere and
atmosphere [4]. The primary reductive atmosphere of the Earth consisted basically of gas mixture
CO, H,, N,, NH;,, CH,, lacked O,—Os layer protecting the Earth surface from rigid short-wave solar
radiation carrying huge energy capable to cause radiolysis and photolysis of water. The processes
accompanying accumulation of deuterium in the hydrosphere are solar radiation, volcanic
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geothermal processes and electric discharges in the atmosphere. These natural processes could
lead to the enrichment of the hydrosphere by deuterium in the form of HDO which evaporates
more slowly then H,O, and condenses faster. If this is true, this is a significant fact regarding
thermal stability of deuterated macromolecules in the preservation of life under thermal
conditions, because chemical bonds with participation of deuterium are stronger than those ones
formed of hydrogen.

Natural prevalence of deuterium makes up approximately 0,015—-0,020 at.%, and depends
strongly on the uniformity of substance and the total amount of matter formed in the course of
early Galaxy evolution [5]. Constant sources of deuterium are explosions of nova stars and
thermonuclear processes frequently occurring inside the stars. Probably, it could explain a known
fact, why the amount of deuterium is slightly increased during the global changes of climate in
warming conditions. The gravitational field of the Earth is insufficiently strong for the retaining of
lighter hydrogen, and our planet is gradually losing hydrogen as a result of its dissociation into
interplanetary space. Hydrogen evaporates faster than heavy deuterium, which can be collected by
the hydrosphere. Therefore, as a result of this natural process of fractionation of H/D isotopes
throughout the process of Earth evolution there should be an accumulation of deuterium in the
hydrosphere and surface waters, while in the atmosphere and in water vapour deuterium content
tends to be low. Thus, on the planet there occurs a natural process of separation of H and D
isotopes, playing an essential role in the maintenance of life on the planet.

The second point regards the influence of temperature on the processes in living matter.
Recent studies have shown that the most favorable for the origin of life and living matter seem to
be hot alkaline mineral waters interacting with CaCOs [6, 7]. According to the law for conservation
of energy the process of self-organization of primary organic forms in water solutions may be
supported by thermal energy of magma, volcanic activity and solar radiation. According to
J. Szostak, the accumulation of organic compounds in open lakes is more possible compared to the
ocean [8]. Life began near a hydrothermal vent: an underwater spout of hot water. Geothermal
activity gives more opportunities for the origination of life. In 2009 A. Mulkidjanian and
M. Galperin demonstrate that the cell cytoplasm contains potassium, zinc, manganese and
phosphate ions, which are not particularly widespread in the sea aquatorium [9]. J. Trevors and
G. Pollack proposed in 2005 that the first cells on the Earth assembled in a hydrogel environment
[10]. Gel environments are capable of retaining water, oily hydrocarbons, solutes, and gas bubbles,
and are capable of carrying out many functions, even in the absence of a membrane. Hydrocarbons
are an organic compounds consisting entirely of hydrogen and carbon. The data presented in this
paper show that the origination of living matter most probably occurred in hot mineral water.
This occurred in ponds and hydrothermal vents in seawater or hot mineral water. An indisputable
proof of this is the presence of stromatolites fossils. They lived in warm and hot water in zones of
volcanic activity, which could be heated by magma and seem to be more stable than other first sea
organisms [11].

The purpose of the research was studying the conditions of primary hydrosphere
(temperature, pH, isotopic composition) for possible processes for origin of life and living matter in
hot mineral water. Various samples of water from Bulgaria were studied within the frames of the
research.

Materials and methods

The research by the IR-spectrometry (DNES-method) was carried out with samples of water
taken from various water springs of Bulgaria:

1 — mineral water (Rupite, Bulgaria);

2 — seawater (Varna resort, Bulgaria);

3 — mountain water (Teteven, Bulgaria);

5 — deionized water (the control).

As two model systems were used cactus juice of Echinopsis pachanoi and Mediterranean
jellyfish Cotylorhiza tuberculata (Chalkida (Greece), Aegean Sea), which were both investigated by
the IR-spectrometry.

IR-spectra of water samples were registered on Brucker Vertex (“Brucker”, Germany)
Fourier-IR spectrometer (spectral range: average IR — 370—7800 cm; visible — 2500—-8000 cm™;
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permission — 0,5 cm; accuracy of wave number — 0,1 cm™ on 2000 cm™); Thermo Nicolet Avatar
360 Fourier-transform IR (M. Chakarova); Differential Non-equilibrium Spectrum (DNES).

A device for high-frequency coronal electric discharge was used in this study, constructed by
I. Ignatov and Ch. Stoyanov [12]. The frequency of the applied saw-tooth electric voltage was
15 kHz, and the electric voltage — 15 kV. The electric discharge was obtained using a transparent
firm polymer electrode on which a liquid sample of water (2—3 mm) was placed. The spectral range
of the photons released upon electric discharge was from A = 400 to A = 490 nm and from A = 560
to A =700 nm.

Results and discussion

We have carried out the research of various samples of mineral water from mineral springs
and seawater from Bulgaria (Fig. 1, curves 1—5). For this aim we employed the IR-spectrometry and
DNES method relative to the control — deionized water. Cactus juice was also investigated by the
DNES method (Fig. 1, curve 1). The cactus was selected as a model system because this plant
contains approximately 90 % of water. The closest to the spectrum of cactus juice was the spectrum
of mineral water contacting with Ca2* and HCOj; ions (Fig. 1, curve 2). DNES-spectra of cactus
juice and mineral water have magnitudes of local maximums at —o0,1112; -0,1187; -0,1262; -0,1287
and —0,1387 eV. Similar local maximums in the DNES-spectrum between cactus juice and seawater
were detected at -0,1362 eV. The spectrum of the control sample of deionized water (Fig. 1, curve 5)
was substantially different from the spectra of seawater and mineral water. Another important
parameter was measured by the DNES method — the average energy (AEx.. o) of hydrogen H...O-
bonds among individual molecules H.O, which makes up -0,1067+0,0011 eV. When the water
temperature is changed, the average energy of hydrogen H...O-bonds alternates. This testified
about the restructuring of average energies among individual H.O molecules with a statistically
reliable increase of local maximums in DNES-spectra.

Dr. Ignatov, Dr. Mosin, 2010 1. juice plant, cactus

4. mountain water, Teteven

5. deionized water
4
50.0+
1
40.01
30.0 T+
20.0+

10.0 1

AffeV-1]

(22
o
o

1 } il i }
T T T T T

0.09 0.1 0.11 0.12 0.13 0.14

Spectral analysis of water and liquids by method DNES

Figure 1. DNES-spectra of water samples of various origin: 1 — cactus juice; 2 — mineral water from
Rupite village (Bulgaria); 3 — seawater (Varna, Bulgaria); 4 — mountain water (Teteven, Bulgaria);
5 — deionized water (the control)

As shown from these data, the closest to the IR-spectrum of cactus juice was mineral water
from Rupite Village (Bulgaria), which DNES and IR spectrum is shown in Fig. 2 and Fig. 3 (Thermo
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Nicolet Avatar 360 Fourier-transform IR). IR-spectra of cactus juice and mineral water with HCO;-
(1320-1488 mg/1), Ca2* (29—36 mg/1), pH (6,85—7,19), have local maximums at 8,95; 9,67; 9,81;
10,47 and 11,12 um (Fourier-IR spectrometer Brucker Vertex). Common local maximums in the IR-
spectrum between cactus juice and seawater are detected at 9.10 um. The local maximums
obtained with IR method at 9,81 um (1019 cm™) and 8,95 um (1117 cm*) (Thermo Nicolet Avatar
360 Fourier-transform IR) are located on the spectral curve of the local maximum at 9,7 um (1031
cm™) (Fig. 3). With the DNES method were obtained the following results — 8,95; 9,10; 9,64; 9,83;
10,45 and 11,15 pm, or 897; 957; 1017; 1037; 1099 and 1117 wave numbers.
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Figure 2. IR-spectrum of water obtained from Rupite Village (Bulgaria)

Table: Characteristics of spectra of water of various origin obtained by DNES-method*

-E, eV A, k,
Cactus juice Mineral water Seawater um cm™
from Rupite
Village
(Bulgaria)
0,1112 0,1112 — 11,15 897
0,1187 0,1187 - 10,45 957
0,1262 0,1262 - 9,83 1017
0,1287 0,1287 - 9,64 1037
0,1362 - 0,1362 9,10 1099
0,1387 0,1387 - 8,95 1117

The note:

*The function of the distribution of energies Af was measured in reciprocal electron volts (eV™).
It is shown at which values of the spectrum -E (eV) are observed the biggest local maximums of this
function; A — wave length; k — wave number.

The results with Mediterranean jellyfish Cotylorhiza tuberculata indicated that jellyfish has
local maximums in IR-spectra at 8,98 and 10,18 um (Fig. 3). Before measurements the jellyfish was
kept in seawater for several days. On comparison seawater has a local maximum at 8,93 um in IR-
spectra. These results were obtained with Thermo Nicolet Avatar 360 Fourier-transform IR. With
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DNES method the local maximums in spectra for jellyfish are at 8,95 and 10,21 um, and for
seawater at 9,10 um. A differential spectrum was recorded between jellyfish and seawater by using
the Thermo Nicolet Avatar 360 Fourier-transform IR method. In IR-spectrum of jellyfish are
observed more pronouncedly expressed local maximums, detected by Thermo Nicolet Avatar 360
Fourier-transform IR and DNES method. Measurements demonstrate that two common local
maximums are observed in IR-spectra of jellyfish and seawater. These maximums are not observed
in the IR-spectrum of cactus juice and mineral water from Rupite (Bulgaria). Jellyfish contains
approximately 97 (w/w) % of water and is more unstable living organism compared to those ones
formed stromatolites. The explanation for this is the smaller concentration of salts and, therefore,
the smaller number of local maximums in the IR-spectrum in relation to seawater.
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Figure 3. IR-spectrum of seawater obtained from Varna (Bulgaria) and jellyfish Cotylorhiza
tuberculata, Chalkida (Greece), Aegean Sea

Such a character of IR- and DNES-spectra and distribution of local maximums may prove
that hot mineral alkaline water is preferable for origin and maintenance of life compared to other
types of water analyzed by these methods. Thus, in hot mineral waters the local maximums in the
IR-spectrum are more manifested compared to the local maximums obtained in IR-spectrum of the
same water at a lower temperature. The difference in the local maximums from +20 °C to +95 °C at
each 5 °C according to Student t-criterion — p < 0,05. These data indicate that the origination of life
and living matter depends on the structure and physical chemical properties of water, as well as its
temperature and pH value. The most closed to the IR- and DNES-spectrum of water, which
contains bicarbonates and calcium ions typical for the formation of stromatolites is the IR-
spectrum of cactus juice. For this reason cactus juice was applied as a model system. The most
closed to local maximums in IR-spectrum of cactus juice are local maximums in IR-spectra of
alkaline mineral water interacting with CaCO; and then seawater. In connection with these data the
following reactions participating with CaCOin aqueous solutions are important:

CO, + 4H.S + O, = CH.O + 4S + 3H.0, (1)

CaCO3 + H.,O + CO, = Ca(HC03)2, (2)

CO. + OH- = HCO4" (3)

2HCO;4 + Ca2zt = CaCO3; + CO. + H.O (4)

The equation (1) shows how some chemosynthetic bacteria use energy from the oxidation of
H.S and CO-to S and formaldehyde (CH-O). The equation (2) is related to one of the most common
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processes in nature: in the presence of H,O and CO,, CaCO; transforms into Ca(HCOj;).. In the
presence of hydroxyl OH- ions, CO, transforms into HCO; (equation (3)). Equation (4) is valid for
the process of formation of the stromatolites — the dolomite layered acretionary structures formed
in shallow seawater by colonies of cyanobacteria. In 2010 D. Ward described fossilized
stromatolites in the Glacier National Park (USA) [13]. Stromatolites aged 3,5 billion years had lived
in warm and hot water in zones of volcanic activity, which could be heated by magma.
This suggests that the first living forms evidently evolved in hot geysers [14]. It is known that water
in geysers is rich in carbonates, while the temperature is ranged from +100 °C to +150 °C. In 2011 a
team of Japanese scientists under the leadership of T. Sugawara showed that life originated in
warm or, more likely, hot water [15]. From aqueous solution of organic molecules, DNA and
synthetic enzymes were created proto cells. For this the initial solution was heated to a temperature
close to water’s boiling point +95 °C. Then its temperature was lowered to +65 °C with formation of
proto cells with primitive membrane. This laboratory experiment is an excellent confirmation of
the possibility that life originated in hot water.

The above-mentioned data can predict a possible transition from synthesis of small organic
molecules under high temperatures to more complex organic molecules as proteins. There are
reactions of condensation-dehydration of amino acids into separate blocks of peptides that occur
under alkaline conditions, with pH = 9-11. The important factor in reaction of condensation of two
amino acid molecules into dipeptide is allocation of H.O molecule when a peptide chain is formed.
As reaction of polycondensation of amino acids is accompanied by dehydration, the H,O removal
from reaction mixture speeds up the reaction rates. This testifies that formation of early organic
forms may have occured nearby active volcanoes, because at early periods of geological history
volcanic activity occurred more actively than during subsequent geological times. However,
dehydratation accompanies not only amino acid polymerization, but also association of other small
blocks into larger organic molecules, and also polymerization of nucleotides into nucleic acids.
Such association is connected with the reaction of condensation, at which from one block a proton
is removed, and from another — a hydroxyl group with the formation of H,O molecule.

In 1969 the possibility of existence of condensation-dehydration reactions under conditions
of primary hydrosphere was proven by M. Calvin [16]. From most chemical substances hydrocyanic
acid (HCN) and its derivatives — cyanoamid (CH.N.) and dicyanoamid (HN(CN).) possess
dehydration ability and the ability to catalyze the process of linkage of H,O from primary
hydrosphere [17]. The presence of HCN in primary hydrosphere was proven by S. Miller's early
experiments [18]. Chemical reactions with HCN and its derivatives are complex with a chemical
point of view; in the presence of HCN, CH.N. and HN(CN). the condensation of separate blocks of
amino acids accompanied by dehydration, can proceed at normal temperatures in strongly diluted
H.O-solutions. These reactions show the results of synthesis from separate smaller molecules to
larger organic molecules of polymers, e.g. proteins, polycarboxydrates, lipids, and ribonucleic acids
(Fig. 4). Furthermore, polycondensation reactions catalyzed by HCN and its derivatives depend on
acidity of water solutions in which they proceed [19]. In acid aqueous solutions with pH = 4-6
these reactions do not occur, whereas alkaline conditions with pH = 9—10 promote their course.
There has not been unequivocal opinion, whether primary water was alkaline, but it is probable
that such pH value possessed mineral waters adjoining with basalts, i.e. these reactions could occur
at the contact of water with basalt rocks, that testifies our hypothesis.
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of amino acids in proteins; carbohydrates — in polycarboxydrates and acids and ethers — into lipids.
The bottom equation — condensation of adenine with ribose and H;PO,, leading
to formation of dinucleotide

It should be noted, that geothermal sources might be used for synthesis of various organic
molecules. Thus, amino acids were detected in solutions of formaldehyde CH.O with
hydroxylamine NH,OH, formaldehyde with hydrazine (N.H,) in water solutions with HCN, after
heating of a reactionary mixture to +95 °C [20]. In model experiments reaction products were
polymerized into peptide chains that is the important stage towards inorganic synthesis of protein.
In a reactionary mixture with a HCN—-NHj, solution in water were formed purines and pyrimidines
(Fig. 5). In other experiments amino acid mixtures were subjected to influence of temperatures
from +60 °C up to +170 °C with formation of short protein-like molecules resembling early
evolutionary forms of proteins subsequently designated as thermal proteinoids. They consisted of
18 amino acids usually occurring in protein hydrolyzates. The synthesized proteinoids are similar
to natural proteins on a number of other important properties, e. g. on linkage by nucleobases and
ability to cause the reactions similar to those catalyzed by enzymes in living organisms as
decarboxylation, amination, deamination, and oxidoreduction. Proteinoids are capable to
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catalytically decompose glucose [21] and to have an effect similar to the action of a-melanocyte-
stimulating hormone [22]. The best results on polycondensation were achieved with the mixes of

amino acids containing aspartic and glutamic acids, which are essential amino acids occurring in
all modern living organisms.
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Figure 5. Prospective mechanisms of thermal (+95 °C) synthesis of purines in aqueous solutions:
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carboxamidine, 4-aminoimidazole-5-carboxamide, water, NH,, formamidine and urea; b) —
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Under certain conditions in hot mixture of proteinoids in water solutions are formed
elementary structures like proteinoid microspheres with diameter 5—10 um [23]. Gas electric
discharge with color coronal spectral analyses was applied in this type of experiment analogous to
S. Miller’s experiments [24]. In S. Miller’s experiments one of the basic conditions is electric gas
discharge. The analogous experiment was conducted by the authors under laboratory conditions.
The first living structures were most probably formed in warm and hot mineral water with more
bicarbonate and metal ions (Na, Ca, Mg, Zn, K, etc.). There occurred gas electric discharge
(lightning) in the primordial atmosphere close to the water surface. In the course of experiment
was used the similar gas coronal electric discharge on water drops placed on the electrode of the
device for gas coronal electric discharge formation. Water drops were heated to the boiling point in
an electric field of high frequency and voltage and an electric discharge was applied, analogious as
in the primordial atmosphere. As a result, an organized structure with a size of 12—14 mm was
formed in interelectrode space (Fig. 6). It was formed as a result of the self-organization of
elementary structures sized 5-10 um in the biggest structure with size 1,2-1,4 mm and
concentrated in a large structure where the basic electric voltage is applied. On its form it
resembles a small jellyfish.

Figure 6. Organized structure in water on an electrode, which is heated to boiling point in an
electric field of high frequency and voltage

It should be noted that no structure was organized in a control sample of water placed on the
electrode. Before its placement on the electrode, the water was heated to boiling point and then
cooled. The structure organization increased with the increase of the duration of the gas electric
discharge. Moreover, in experiments was observed formation of small structures and their further
“adjoining” to the larger structure. It should be noted that the large structure was preserved with
original unchanged size for 2 years in the absence of electric discharge.

This experiment shows that the organization of structures in water under certain external
conditions as the temperature takes place. Water in natural conditions was heated by the magma.
The structure formed from heated water was evidently a result of self-organization. Living
organisms are complex self-organizing systems. They are open because they constantly exchange
substances and energy with the environment. The changes in the open systems are relatively stable
in time. The stable correlation between components in an open system is called a dissipative
structure. According to I. Prigozhin, the formation of dissipative structures and the elaboration to
living cells is related to changes in entropy [25].

The initial stage of evolution, apparently, was connected with formation at high temperature
of the mixtures of amino acids and nitrogenous substances — analogues of nucleic acids.
Such synthesis is possible in aqueous solutions under thermal conditions in the presence of H;PO,.
The next stage is polycondensation of amino acids into thermal proteinoids at temperatures 65—
95 °C. After that in a mix of proteinoids in hot water solutions were formed membrane like
structures. In 2011 T. Sugawara (Japan) created membrane like proto cells from aqueous solution
of organic molecules, DNA and synthetic enzymes under temperature close to water’s boiling point
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+95 °C [26] (Sugawara, 2011). These experiments are excellent confirmation of the possibility that
life and living matter originated in hot water.

Conclusions

The data obtained testify that origination of life and living matter depends on physical-
chemical properties of water and external factors — temperatures, pH, electric discharges and
isotopic composition. Hot mineral alkaline water interacting with CaCOj is closest to these
conditions. Next in line with regard to quality is seawater. For chemical reaction of dehydration-
condensation to occur in hot mineral water, water is required to be alkaline with pH range 9-11.
In warm and hot mineral waters the local maximums in IR-spectra from 8 to 14 um were more
expressed in comparison with the local maximums measured in the same water samples with lower
temperature.
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AnHoTtanmua. M3ydeH cocraB BOJBI, TeMIlepaTypa U 3HaueHue pH B dKcIepUMEHTax I10
MOZIEJTUPOBAHUIO ITIEPBUYHOMN TH/Ipocdepsl ¥ BO3MOXKHBIX YCJIOBUYM BO3HUKHOBEHUS OPTaHUYECKUX
dopMm Ku3HU B ropsAuell MUHEpaJIbHOU Boje. /[JI 3TOM IleJM aBTOPHI IPOBEIU UCCIIEOBAHUA
ropsyeil MHUHepPaJIbHOM M MOPCKON BoAbl u3 bBosrapckux wucrouHukoB WK-cnekTpomerpueit
(TH3C-metox). B kauecTBe MO/IEIBHBIX CUCTEM HCIIOJIB30BAIN COK KakTyca Echinopsis pachanoi u
cpequseMHOMOpcKyto Menysy Cotylorhiza tuberculata. PaccMoTpeHBI peakIMi KOHJIEHCAITUH-
JleTUIpaTaliil B IEJIOYHBIX BOAHBIX pAacTBOpax co 3HaueHueM pH 9—10, pe3ysbTaTOM KOTOPBIX
SIBJISIETCSI CHHTE3 U3 MEJIKUX MOJIEKYJT O0Jiee KPYITHBIX OPTaHHUYECKUX MOJIEKYJI IIOJIMMEPOB KakK
KOpOTKHe nosunentu/ibl. [IokazaHo, 4To ropsure MIUHEpPAIbHBIE BOJIBI C TEMIIEPATYPOU OT +65 °C
10 +95 °C u 3HaueHneM pH ot 9 710 11 60J1€€ IPUTOTHBI JISI BOSHUKHOBEHUS KU3HU, UEM JPYTHE
HccsleloBaHHbIe 00pasipl Bojibl. HampoTus, 3HaueHue pH 711 MOPCKOW BOABI JIMMHUTHPYETCS
3HaUeHuAMH OT 7,5 70 8,4. B MK-cnekTpax MOpPCKOW BOABI U MeAY3bl JIETEKTHPOBAIHNCH /IBA
JIOKAJIbHBIX MAaKCUMyMa, KOTOPbIE JIydllle SKcIiipeccupoBainch B K-criekTpe Memy3sl.

KaroueBsle cioBa: jeiitepuil; ruzapocdepa; 5BOJIONUSA; BO3HUKHOBeHUe ku3HH; K-
CHEKTPOMETPHUS.
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Abstract

Biological influence of deuterium on cells of various taxonomic groups of prokaryotic and
eucaryotic microorganisms realizing methylotrophic, chemoheterotrophic, photo-organotrophic,
and photosynthetic ways of assimilation of carbon substrates (methylotrophic bacteria
Brevibacterium methylicum, chemoheterotrophic bacteria Bacillus subtilis, photo-organotrophic
halobacteria Halobacterium halobium, and green micro algae Chlorella vulgaris) was investigated
at the growth on media with heavy water (2H.O). For investigated microorganisms are submitted
the data on growth and adaptation on the growth media containing as sources of deuterated
substrates 2H.O, [2H]methanol and hydrolisates of deutero-biomass of methylotrophic bacteria
B. methylicum, obtained after multistage adaptation to 2H.O. The qualitative and quantitative
composition of intra- and endocellular amino acids, proteins, carbohydrates and fatty acids in
conditions of adaptation to 2H.O is investigated. It is shown, that the effects observed at adaptation
to 2H,0, possess a complex multifactorial character and connected to cytological, morphological
and physiological changes — the magnitude of the lag- period, time of cellular generation, output of
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biomass, a parity ratio of synthesized amino acids, proteins, carbohydrates and lipids, and also
with an evolutionary level of the organization of the investigated object and the pathways of
assimilation of carbon substrates as well.

Keywords: deuterium; heavy water; adaptation; isotopic effects; bacteria; micro algae.

Introduction

The most interesting biological phenomenon is the ability of some microorganisms to grow on
heavy water (2H.O) media in which all hydrogen atoms are replaced with deuterium [1, 2]. 2H.O has
high environmental potential in biomedical studies due to the absence of radioactivity and
poccebility of detecting the deuterium label in the molecule by high-resolution methods as NMR,
IR, and mass spectrometry that facilitates its use as a tracer in biochemical and biomedical
research [3].

The average ratio of *H/2H in nature makes up approximately 1:5700 [4]. In natural waters,
the deuterium is distributed irregularly: from 0,02—0,03 mol.% for river water and sea water, to
0,015 mol.% for water of Antarctic ice — the most purified from deuterium natural water containing
in 1,5 times less deuterium than that of seawater. According to the international SMOW standard
isotopic shifts for 2H and 80 in sea water: 2H/*H = (155,76+0,05)-10° (155,76 ppm) and 80/160 =
(2005,20+0,45)10° (2005 ppm). For SLAP standard isotopic shifts for 2H and 80 in seawater
make up 2H/'H = 8910 (89 ppm) and for a pair of :30/1°0 = 189410 (1894 ppm). In surface
waters, the ratio 2H/*H = ~(1,32-1,51)104, while in the coastal seawater — ~(1,55-1,56)104.
The natural waters of CIS countries are characterized by negative deviations from SMOW standard
to (1,0—1,5)105, in some places up to (6,0—6,7)-105, but however there are also observed positive
deviations at 2,0-1075.

The chemical structure of 2H.O molecule is analogous to that one for H.O, with small
differences in the length of the covalent H—O-bonds and the angles between them. The molecular
mass of 2H,O exceeds on 10% that one for H,O. The difference in nuclear masses stipulates the
isotopic effects, which may be sufficiently essential for the *H/2H pair [5]. As a result, physical-
chemical properties of 2H,O differ from H,O: 2H,O boils at 101,44 °C, freezes at 3,82 °C, has
maximal density at 11,2 °C (1,106 g/cm3) [6]. In mixtures of 2H,O with H,O the isotopic exchange
occurs with high speed with the formation of semi-heavy water (*H2HO): 2H,O + H,O = *H2HO.
For this reason deuterium presents in smaller content in aqueous solutions in form of *H2HO, while
in the higher content — in form of 2H.O. The chemical reactions in 2H.O are somehow slower
compared to H.O. 2H,O is less ionized, the dissociation constant of 2H.O is smaller, and the
solubility of the organic and inorganic substances in 2H.O is smaller compared to these ones in
H.O0 [7]. Due to isotopic effects the hydrogen bonds with the participation of deuterium are slightly
stronger than those ones formed of hydrogen.

For a long time it was considered that heavy water was incompatible with life. Experiments
with the growing of cells of different organisms in 2H.O show toxic influence of deuterium.
The high concentrations of 2H.,O lead to the slowing down the cellular metabolism, mitotic
inhibition of the prophase and in some cases — somatic mutations [8]. This is observed even while
using natural water with an increased content of 2H,O or *H2HO [9]. Bacteria can endure up to 90
% (v/v) 2H,0, plant cells can develop normally in up to 75 % (v/v) 2H,0, while animal cells — up to
not more than 30 % (v/v) 2H,O [10]. Further increase in the concentration of 2H,O for these groups
of organisms leads to the cellular death [11], although isolated cell’s cultures suspended in pure
2H,O exert a strong radioprotective effect in 2H,O-solutions towards y—radiation [12, 13]. On the
contrary, deuterium depleted water with decreased deuterium content has benefitial effects on
organism and stimulates the cellular metabolism [14].

With the development of new microbiological approaches, there appears an opportunity to
use adapted to deuterium cells for preparation of deuterated natural compounds. The traditional
method for production of deuterium labelled compounds consists in the growth on media
containing maximal concentrations of 2H.O and deuterated substrates as [2H]methanol,
[2H]glucose etc. [15, 16]. During growth of cells on 2H.O are synthesized molecules of biologically
important natural compounds (DNA, proteins, amino acids, nucleosides, carbohydrates, fatty
acids), which hydrogen atoms at the carbon backbones are completely substituted with deuterium.
They are isolated from deuterated biomass obtained on growth media with high 2H.O content and
deuterated substrates with using a combination of physico-chemical methods of separation —
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hydrolysis, precipitation, extraction with organic solvents and chromatographic purification by
column chromatography on different adsorbents. These deuterated molecules evidently undergo
structural adaptational modifications necessary for the normal functioning in 2H,O.

The adaptation to 2H,O is interested not only from scientific point, but allows to obtain the
unique biological material for the studying of molecular structure by *H-NMR [17]. Trend towards
the use of deuterium as an isotopic label are stipulated by the absence of radioactivity and
possebility of determination the deuterium localization in the molecule by high resolution NMR
spectroscopy [18], IR spectroscopy [19] and mass spectrometry [20]. The recent advances in
technical and computing capabilities of these analytical methods have allowed to considerable
increase the efficiency of de novo biological studies, as well as to carry out structural-functional
biophysical studies with deuterated molecules on a molecular level.

This study is a continuation of our research into the adaptation to deuterium of various
procaryotic and eucaryotic organisms. The purpose of our research was studying the influence of
deuterium on the cells of different taxonomic groups of microorganisms and microalgae realizing
methylotrophic, chemoheterotrophic, photo-organotrophic and photosynthetic pathways of carbon
assimilation.

Material and methods

Biological objects

The objects of the study were various microorganisms, realizing methylotrophic,
chemoheterotrophic, photo-organotrophic, and photosynthetic ways of assimilation of carbon
substrates. The initial strains were obtained from the State Research Institute of Genetics and
Selection of Industrial Microorganisms (Moscow, Russia):

1. Brevibacterium methylicum B-5652, a leucine auxotroph Gram-positive strain of
facultative methylotrophic bacterium, L-phenylalanine producer, assimilating methanol via the
NAD+ dependent methanol dehydrogenase variant of ribulose-5-monophosphate cycle (RuMP) of
carbon fixation.

2. Bacillus subtilis B-3157, a polyauxotrophic for histidine, tyrosine, adenine, and uracil
spore-forming aerobic Gram-positive chemoheterotrophic bacterium, inosine producer, realizing
hexose-6-mono-phosphate (GMP) cycle of carbohydrates assimilation.

3. Halobacterium halobium ET-1001, photo-organotrophic carotenoid-containing strain of
extreme halobacteria, synthesizing the photochrome transmembrane protein bacteriorhodopsin.

4. Chlorella vulgaris B-87635, photosynthesizing single-cell blue-green alga.

Chemicals

For preparation of growth media was used 2H.O (99,9 atom.%), 2HCI (95,5 atom.%) and
[2H]methanol (97,5 atom% 2H), purchased from the “Isotope” Russian Research Centre
(St. Petersburg, Russian Federation). Inorganic salts and D- and L-glucose (“Reanal”, Hungary)
were preliminary crystallized in 2H.O and dried in vacuum before using. 2H,O was distilled over
KMnO, with the subsequent control of isotope enrichment by 'H-NMR-spectroscopy on a Brucker
WM-250 device (“Brucker”, Germany) (working frequency: 70 MHz, internal standard: Me,Si).
According to *H-NMR, the level of isotopic purity of growth media usually was by ~8—10 atom%
lower than the isotope purity of the initial 2H.O.

Adaptation technique

The initial microorganisms were modified by adaptation to deuterium by plating individual
colonies onto 2 % (w/v) agarose growth media with stepwise increasing gradient of 2H.O
concentration and subsequent selection of individual cell colonies stable to the action of 2H.O. As a
source of deuterated growth substrates for the growth of chemoheterotrophic bacteria and
chemoorganoheterotrophic bacteria was used the deuterated biomass of facultative methylotrophic
bacterium B. methylicum, obtained via a multi-stage adaptation on solid 2 % (w/v) agarose M9
media with an increasing gradient of 2H,O (from 0; 24,5; 49,0; 73,5 up to 98 % (v/v) 2H.O). Raw
deuterated biomass (output, 100 gram of wet weight per 1 liter of liquid culture) was suspended in
100 ml of 0,5 N 2HCI (in 2H,O) and autoclaved for 30—40 min at 0,8 atm. The suspension was
neutralized with 0,2 N KOH (in 2H,O) to pH = 7,0 and used as a source of growth substrates while
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adaptation and growing the chemoheterotrophic bacterium B. sublilis and the photo-organotrophic
halobacterium H. halobium.

Growth media

The following growth media were used (concentratioin of components are given in g/1):

1. Minimal salt medium Mg for growth of the facultative methanol assimilating
methylotrophic bacterium B. methylicum B-5662, supplemented with 2 % (v/v) [2H]methanol and
increasing gradient of 2H,O concentration from 0; 24,5; 49,0; 73,5 up to 98 % (v/v) 2H.O: KH.PO,
- 3; Na,HPO, — 6; NaCl — o,5; NH,Cl — 1,0; L-leucine — 0,01.

2. Hydrolysated medium HM1 for growth of the aerobic Gram-positive chemoheterotrophic
bacterium B. subtilis B-3157, based on 2H.O (89—90 atom% 2H) and 2 % (w/v) hydrolysate of
deuterated biomass of B. methylicum B-5662 as a source of 2H-labeled growth substrates: L-
glucose — 120; hydrolysate of deuterated biomass of B. methylicum — 20, NH,NO; — 20;
MgS0O,7H,O — 10; CaCO; — 20; adenine — 0,01; uracil — 0,01. As a control was used protonated
medium containing 2 % (w/v) yeast protein—vitamin concentrate (PVC).

3. Hydrolysated medium HM2 for the growth of the extreme aerobic halobacterium
Halobacterium halobium ET-1001 (based on 99,9 atom% 2H,0): NaCl — 250; MgS0,7H.O — 20;
KCl — 2; CaCl; 6H,O — 0,065; sodium citrate — 0,5; hydrolyzate of deuterated biomass of
B. methylicum B-5662 — 20; biotin — 1-1074; folic acid — 1,5:104, vitamin B,, — 2:10°5.

4. Tamiya medium for the growth of the photosynthetic green microalgae C. vulgaris B-8765
(based on 99,9 atom% 2H.0O): KNO; — 5,0; MgSO,7H.O - 2,5; KH.PO, — 1,25; FeSO, — 0,003;
MnSO,2H,0 - 3-104; CaCl,,6H,O — 0,065; ZnSO,7H.0 — 4105; CuSO,5H.0 — 5105, CoCl,,6H,O
— 510%).

Growth conditions

The cells were grown in 500 ml Erlenmeyer flasks containing 100 ml of the growth medium at
32—34 °C and vigorously aerated on an orbital shaker Biorad (“Biorad Labs”, Poland). Photo-
organotrophic bacteria and blue-green algae were grown at illumination by fluorescent
monochromatic lamps LDS-40-2 (40 W) ("Alfa-Electro", Russia). Growing of microalgae C.
vulgaris was carried out at 32 °C in a photoreactor with CO. bubbling. The bacterial growth was
monitored on the ability to form individual colonies on the surface of solid 2 % (w/v) agarose
media, as well as on the optical density of the cell suspension measured on a Beckman DU-6
spectrophotometer (“Beckman Coulter”, USA) at A = 620 nm. After 6-7 days the cells were
harvested and separated by centrifugation (10000 g, 20 min) on T-24 centrifuge ("Heracules",
Germany). The biomass was washed with 2H.O and extracted with a mixure of organic solvents:
chloroform-methanol-acetone = 2:1:1, % (v/v) for isolating lipids and pigments. The resulting
precipitate (10-12 mg) was dried in vacuum and used as a protein fraction, while the liquid extract
— as a lipid fraction. The exogenious deuterated amino acids and ribonucleosides were isolated
from culture liquids (CL) of appropriate strain-producers. Inosine was isolated from the CL of
B. subtilis by adsorption/desorption on activated carbon as adsorbent with following extraction
with 0,3 M NH,-formate buffer (pH = 8,9), subsequent crystallization in 80 % (v/v) ethanol, and
ion exchange chromatography (IEC) on a column with cation exchange resin AG50WX 4
equilibrated with 0,3 M NH,-formate buffer and 0,045 M NH,CI (output — 3,1 g/1 (80 %); [a]p2° =
1,61 (ethanol)). Bacteriorhodopsin was isolated from the purple membranes of photo-
organotrophic halobacterium H. halobium by the method of D. Osterhelt, modificated by the
authors, with using SDS as a detergent [21].

Protein hydrolysis

Dry biomass (10 g) was treated with a chloroform—methanol—acetone mixture (2:1:1, % (v/v))
and supplemented with 5 ml of 6 N 2HCI (in 2H,0O). The ampules were kept at 110 °C for ~24 h.
Then the reaction mixture was suspended in hot 2H,O and filtered. The hydrolysate was evaporated
at 10 mm Hg. Residual 2HCI] was removed in an exsiccator over solid NaOH.

Hydrolysis of intracellular policarbohydrates
Dry biomass (50 mg) was placed into a 250 ml round bottomed flask, supplemented with 50
ml distilled 2H,O and 1,6 ml of 25 % (v/v) H.SO, (in 2H,0), and boiled in a reflux water evaporator
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for ~90 min. After cooling, the reaction mixture was suspended in one volume of hot distilled 2H,O
and neutralized with 1 N Ba(OH). (in 2H.O) to pH = 7,0. BaSO, was separated by centrifugation
(1500 g, 5 min); the supernatant was decanted and evaporated at 10 mm Hg.

Amino acid analysis

The amino acids of the hydrolyzed biomass were analyzed on a Biotronic LC-5001 (230x3,2)
column (“Eppendorf—Nethleler—Hinz”, Germany) with a UR-30 sulfonated styrene resin
(“Beckman—Spinco”, USA) as a stationary phase; the temperature — 20+25 °C; the mobile phase —
0,2 N sodium-—citrate buffer (pH = 2,5); the granule diameter — 25 um; working pressure — 50—60
atm; the eluent input rate — 18,5 ml/h; the ninhydrin input rate — 9,25 ml/h; detection at A = 570
and A = 440 nm (for proline).

Analysis of carbohydrates

Carbohydrates were analyzed on a Knauer Smartline chromatograph (“Knauer”, Germany)
equipped with a Gilson pump (“Gilson Inc.”, USA) and a Waters K 401 refractometer ("Water
Associates”, USA) using Ultrasorb CN column (250x10 mm) as a stationary phase; the temperature
— 20%25 °C; the mobile phase — acetonitrile-water (75:25, % (w/w); the granule diameter — 10 um;
the input rate — 0,6 ml/min.

Analysis of fatty acids

Fatty acids were analyzed on a Beckman Gold System (USA) chromatograph (250x4.6 mm),
equiped with Model 126 UV-Detector (USA), 20+25 °C . Stationary phase — Ultrasphere ODS 5 pm;
mobile phase — linear gradient of 5 mM KH,PO,—acetonitrile; elution rate — 0,5 ml/min, detection
at A = 210 nm.

Mass spectrometry

For evaluation of deuterium enrichment levels EI and FAB mass spectrometry was used. EI
mass spectra were recorded on MB-80A device (“Hitachi”, Japan) with double focusing (the energy
of ionizing electrons — 70 eV; the accelerating voltage — 8 kV; the cathode temperature — 180—200
°C) after amino acid modification into methyl esters of N-5-dimethylamino(naphthalene)-1-
sulfonyl (dansyl) amino acid derivatives according to an earlier elaborated protocol. FAB-mass
spectra were recorded on a VG-70 SEQ chromatograph (“Fisons VG Analytical”, USA) equipped
with a cesium Cs* source on a glycerol matrix with accelerating voltage 5 kV and ion current 0,6—
0,8 mA. Calculation of deuterium enrichment of the molecules was carried out using the ratio of
contributions of molecular ion peaks of deuterated compounds extracted on 2H,O-media relative
to the control obtained on H.O.

Scanning electron microscopy (SEM)

SEM was carried out on JSM 35 CF (JEOL Ltd., Korea) device, equiped with SE detector,
thermomolecular pump, and tungsten electron gun (Harpin type W filament, DC heating); working
pressure — 104 Pa (10°¢ Torr); magnification — x150,000, resolution — 3,0 nm, accelerating voltage
—1—30 kV; sample size — 60—130 mm.

IR-spectroscopy

IR-spectroscopy was performed on Brucker Vertex spectrometer (“Brucker”, Germany)
(spectral range: average IR — 370—7800 cm™; visible — 2500-8000 c¢m™; the permission — 0,5 cm;
accuracy of wave number — 0,1 cm™ on 2000 cm™).

Results

Adaptation to deuterium the methylotrophic bacterium B. methylicum.

Numerous studies with various biological objects in 2H.O, proved that when biological objects
being exposed to water with different deuterium content, their reaction varies depending on the
isotopic composition of water (the content of deuterium in water) and magnitude of isotope effects
determined by the difference of constants of chemical reactions rates ku/kp in H,O and 2H.O. The
maximum kinetic isotopic effect observed at ordinary temperatures in chemical reactions leading
to rupture of bonds involving hydrogen and deuterium atoms lies in the range ku/kp = 5—8 for C—H
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versus C—2H, N—2H versus N—2H, and O—2H versus O—2H-bonds [22]. Isotopic effects have an
impact not only on the physical and chemical properties of deuterated macromolecules in which H
atoms are substituted with 2H atoms, but also on the biological behaviour of biological objects in
2H,0. Experiments with 2H,O (Table 1) have shown, that green-blue algae is capable to grow on
70 % (v/v) 2H,0, methylotrophic bacteria — 75 % (v/v) 2H,O, chemoheterotrophic bacteria — 82 %
(v/v) 2H.0, and photo-organotrophic halobacteria — 95 % (v/v) 2H,O.
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Figure 1. Cell survival of various microorganisms in water with different
deuterium content (%, v/v)

In the course of the experiment were obtained adapted to the maximum concentration of
2H,0 cells belonging to different taxonomic groups of microorganisms, realizing methylotrophic,
chemoheterotrophic, photo-organotrophic and photosynthetic pathways of assimilation of carbon
substrata, as facultative methylotrophic bacterium B. methylicum, chemoheterotrophic bacterium
B. subtilis, halobacterium H. halobium and blue-green algae C. vulgartis.

Selection of methanol-assimilating facultative methylotrophic bacterium B. methylicum was
connected with the development of new microbiological strategies for preparation of deuterated
biomass via bioconversion of [2H]methanol and 2H,O and its further use as a source of deuterated
growth substrates for the growing other strains-producers in 2H,0.

Choosing of photo photo-organotrophic halobacterium H. halobium was stipulated by the
prospects of further isolation of retinal containing transmembrane protein bacteriorhodopsin (BR)
— chromoprotein of 248 amino acid residues, containing as a chromophore an equimolar mixture
of 13-cis-and 13-trans C20 carotenoid associated with a protein part of the molecule via a Lys-216
residue [23]. BR performs in the cells of halobacteria the role of ATP-dependent translocase, which
creates 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.

Using chemoheterotrophic bacterium B. subtilis was determined by preparative isolation
produced by this bacterium deuterated ribonucleoside — inosine (total deuteration level
65,5 atom.% 2H) for biomedical use [24], and the use of photosynthetic blue-green C. vulgaris was
stipulated by the study of biosynthesis of deuterated chlorophyll and carotenoid pigments
(deuteration level 95—97 atom.% 2H) on growth media with high 2H.,O-content.

We used stepwise increasing gradient concentration of 2H,O in growth media, because it was
assumed that the gradual accustoming of micorganisms to deuterium would have a beneficial effect
upon the growth and physiological parameters. The strategy of adaptation to 2H,O is shown in
Table. 1 on an example of methylotrophic bacterium B. methylicum, which deuterated biomass was
used in further experiments as a source of deuterated growth substrates for growing of
chemoheterotrophic and photo-organotrophic bacteria. For this, deuterium enrichment technique
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was applied via plating cell colonies on 2 % (w/v) agarose M9 media supplemented with 2 % (v/v)
[U-2H]MeOH with an increase in the 2H,O content from 0; 24,5; 49,0; 73,5 up to 98 % (v/v) 2H,0,
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 2. 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 1). 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 2. 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 Mg medium (b); adapted to
deuterium strain on maximally deuterated Mg medium (c): 1 — yield of biomass, % from the
control; 2 — duration of lag-period, h; 3 — generation time, h.

Experimental conditions are given in Table 1 (expts. 1—10) relative to the control (expt. 1) on
protonated medium Mg 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 MeOH and H.O. The maximum deuterium content was under conditions
(10) and (10’) in which we used 98 % (v/v) 2H,O and 2 % (v/v) [U-2H]MeOH. The even numbers of
experiment (Table 1, expts. 2, 4, 6, 8, 10) were chosen to investigate whether the replacement of
MeOH by its deuterated analogue affected growth characteristics in presence of 2H,O. That caused
small alterations in growth characteristics (Table 1, expts. 2, 4, 6, 8, 10) relative to experiments,
where we used protonated methanol (Table 1, 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 of microbial biomass in all isotopic experiments. Thus, in the control (Table 1, 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 adding
gradually increasing concentrations of 2H,O into growth media caused the proportional increasing
of lag-period and yield of microbial biomass in all isotopic experiments. The results suggested, that
below 49 % (v/v) 2H,O (Table 1, expts. 2—4) there was a small inhibition of bacterial growth
compared with the control (Table 1, expt. 1). However, above 49 % (v/v) 2H,O (Table 1, expts. 5-8),
growth was markedly reduced, while at the upper content of 2H,O (Table 1, 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 1, expt. 10) with 98 % (v/v) 2H.O and 2 % (v/v) [U-2H]MeOH, 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 1, expt. 1). While on comparing
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adapted bacterium on maximally deuterated growth medium (Table 1, expt. 10”) containing 98 %
(v/v) 2H,O and 2 % (v/v) [U-2H]MeOH 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.

The adapted bacterium of 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 [25]. 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 [26]. The improved
growth characteristics of adapted methylotroph essentially simplify the scheme of obtaining the
deutero-biomass which optimum conditions are Mg growth medium with 98 % 2H,O and 2 %
[2H]methanol with incubation period 3—4 days at temperature 35 °C.

Table 1: 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

Bacterial | Exp. Media components, % (v/v) Lag-period | Yield in Genera | Phenylal
strains num (h) terms of wet | tion anine
ber H.O |2H,O | MeOH | [U-2H] biomass (g/1) | time productio
MeOH (h) n (g/1)
Non 1(con | 98,0 0 2 0 20,2£1,40 200,2+3,20 2,240, | 0,95+0,1
adapted | trol) 20 2
Non 2 98,0 0 0 2 20,3+1,44 184,6+2,78 2,4+0, | 0,92+0,1
adapted 23 0
Non 3 73,5 24,5 2 o 20,5+0,91 181,241,89 2,4+0, | 0,90%0,1
adapted 25 0
Non 4 73,5 | 24,5 0 2 34,6+0,89 171,8+1,81 2,610, | 0,90+0,0
adapted 23 8
Non 5 49,0 | 49,0 2 ) 40,1+£0,90 140,2+1,96 3,0+0, | 0,86+0,1
adapted 32 0
Non 6 49,0 | 49,0 0 2 44,241,38 121,0+1,83 3,240, | 0,81+0,0
adapted 36 9
Non 7 24,5 | 73,5 2 0 45,4%1,41 112,8+1,19 3,5+0, | 0,60+0,0
adapted 27 8
Non 8 24,5 | 73,5 0 2 49,3+0,91 04,4+1,74 3,8+0, | 0,67+0,0
adapted 25 8
Non 9 98,0 0 2 (o} 58,5+1,04 65,8+1,13 4,40, | 0,3740,0
adapted 70 6
Non 10 98,0 0] 0] 2 60,1+2,01 60,2+1,44 4,9+0, | 0,39£0,0
adapted 72 5
Adapted 10’ 98,0 0 0 2 40,2+0,88 174,0+1,83 2.8+0, | 0,82+0,0
30 8
Notes:

* The date in expts. 1—10 described the growth characteristics for non-adapted bacteria in growth
media, containing 2 % (v/v) MeOH/[U-2H]MeOH and specified amounts (%, v/v) 2H.O.

** 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

Adaptation, which conditions are shown in experiment 10’ (Table 1) was observed by
investigation 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 3, the control (b) is obtained on protonated
growth medium Mg). In the present study, the production of phenylalanine (Figure 2, expts. 1b, 2b,
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3b) was studied and was found to show a close linear extrapolation with respect to the time up to
exponential growth dynamics (Figure 3, 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 (Figure 2, expt. 2b). The level of phenylalanine production by adapted bacterium under
those growth conditions was 0,82 g/liter (Figure 3, 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 the 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 deuterated phenylalanine
and other metabolically related amino acids.
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Figure 3. Growth dynamics of B. methylicum (1a, 2a, 3a) and production of phenylalanine (1b, 2b,
3b) on media Mg 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")

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 3). 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 [27]. It is necessary to notice, that 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 umol in addition to phenylalanine. This fact required isolation of
[2H]phenylalanine from growth medium, which was carried out by extraction of lyophilized LC
with iso-PrOH and the subsequent crystallization in EtOH. Analytical separation of
[2H]phenylalanine and metabolically related [2H]amino acids was performed using a reversed-
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phase HPLC method on Separon SGX C,s Column, developed for methyl esters of N-DNS-
[2H]amino acids with chromatographic purity of 96—98 % and yield of 67—-89 %.

With increasing 2H,O content in growth media, the levels of deuterium enrichment in
exogenous [2H]amino acids (phenylalanine, alanine, valine, and leucine/isoleucine), secreted by
B. methylicum, were varied proportionally. The similar result on proportional specific increase of
levels of deuterium enrichment into [2H]phenylalanine and other metabolically related [2H]amino
acids was observed in all isotopic experiments where used increasing concentration 2H.O in growth
media (Table 2). 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 2). 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 2). 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 2: Effect of deuterium enrichment levels (atom.%) in the molecules of [2H]amino acids
excreted by B. methylicum*

[2H]amino acid Concentration of 2H.O in growth media, % (v/v)**
24,5 49,0 73,5 98,0
Alanine ;g’OiO gg,Oio 50,0+0,83 50,0+1,13
Valine ;g’OiO gg’OiO 50,0£0,72 62,5+1,40
. . 20,010 50,01,
Leucine/isoleucine 90 38 50,0+1,37 50,0+1,25
Phenylalanine 11;’0*1’ §§’5i0’ 50,0+1,12 75,0+1,40
Notes:

* 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,0).

** The data on enrichment levels described bacteria grown on minimal growth media M9
containing 2 % (v/v) [U-2H]MeOH and specified amounts (%, v/v) 2H0.

It should be noted that the yields of biomass on deuterated growth media were varried 85—
90 % for different taxonomic groups of microorganisms. All adapted microorganisms had a slightly
reduced levels of microbial biomass accumulation and increased cell generation times on maximal
deuterated media.

Adaptation to deuterium the chemoheterotrophic bacterium B. subtillis

The result obtained in experiments on the adaptation of methylotrophic bacterium
B. methylicum to 2H.O allowed to use hydrolysates of biomass of this bacterium obtained in the
process of multi-stage adaptation to 2H.O, as a source of deuterated growth substrates for the
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growing of the chemoheterotrophic bacterium B. subtillis and the photoorganotrophic
halobacterium H. halobium.

The assimilation rate of methylotrophic biomass by protozoa and eukaryotic cells amounts to
85—98 %, while the productivity calculated on the level of methanol bioconversion into cell
components makes up 50—60 % [28]. While developing the composition of growth media on the
basis of deutereted biomass of methylotrophic bacteria B. methylicum it was taken into account the
ability of methylotrophic bacteria to synthesize large amounts of protein (output, 50 % (w/w) of
dry weight), 15—17 % (w/w) of polysaccharides, 10—12 % (w/w) of lipids (mainly, phospholipids),
and 18% (w/w) of ash [29]. To provide high outputs of these compounds and minimize the isotopic
exchange (‘“H—2H) in amino acid residues of protein molecules, the biomass was hydrolyzed by
autoclaving in 0,5 N 2HCI (in 2H,0) and used for the growing of the chemoheterotrophic bacterium
B. subtillis and the photoorganoheterotrophic halobacterium H. halobium.

The methylotrophic hydrolysate, obtained on the maximally deuterated medium Mg with 98
% (v/v) 2H,0 and 2 % (v/v) [2H]methanol, contains 15 identified amino acids (except for proline
detected at A = 440 nm) with tyrosine and histidine content per 1 gram of dry methylotrophic
hydrolysate 1,82 % and 3,2 % (w/w), thereby satisfying the auxotrophic requirements of the inosine
producer strain for these amino acids (Table 3). The content of other amino acids in the
hydrolysate is also comparable with the needs of the strain in sources of carbon and amine
nitrogen. The indicator determining the high efficiency of deuterium incorporation into the
synthesized product is high levels of deuterium enrichment of amino acid molecules, varied from
50 atom% 2H for leucine/isoleucine to 98,5 atom% 2H for alanine (Table 3).

Table 3: Amino acid composition of hydrolyzed biomass of the facultative methylotrophic
bacterium B. methylicum obtained on maximally deuterated M9 medium with 98 % (v/v) 2H.O
and 2 % (v/v) [2H]methanol and levels of deuterium enrichment*

Amino acid Yield, % (w/w) Number of Level of
dry weight per 1 gram | deuterium deuterium
of biomass atoms enrichment of
incorporated into the | molecules, % of the
carbon backbone of a | total number of
molecule** hydrogen atoms***
Glycine 9,55 2 92,5+1,86
Alanine 13,30 4 98,5+1,96
Valine 4,21 4 52,2+1,60
Leucine 8,52 5 50,0+1,52
Isoleucine 4,01 5 50,0+1,55
Phenylalanine 3,89 8 96,0+1,85
Tyrosine 2,10 7 95,5+1,82
Serine 3,60 3 86,7+1,55
Threonine 4,89 - _
Methionine 2,62 - -
Asparagine 10,02 2 68,5+1,62
Glutamic acid 10,31 4 70,041,65
Lysine 3,53 5 59,0+1,60
Arginine 4,65 — —
Histidine 3,98 — —

Notes: *The data were obtained for methyl esters of N-5-dimethylamino(naphthalene)-1-sulfonyl
(dansyl) chloride amino acid derivatives.

** At calculation the level of deuterium enrichment, the protons (deuterons) at COOH- and NH,-
groups of amino acid molecules were not taken into account because of the dissociation in
H.0/2H.0.

*** A dash denotes the absence of data.
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Taking into account the pathways of assimilation of carbon substrates, the adaptation of
chemoheterotrophic bacterium B. subtilis was carried out via plating of initial cells to separate
colonies on solid 2 % (w/v) agarose HM1 media based on 99,9 atom% 2H,O and deuterated
hydrolyzate biomass of B. methylicum, with the following subsequent selection of the colonies
resistant to 2H,O. On contrary to 2H,O, 2H-substrates in composition of deuterated biomass
hydrolyzate had no significant negative effect on the growth parameters of the studied
microorganisms. The growth and biosynthetic characteristics of inosine-producing strain
B. subtilis were studied on protonated yeast PVC medium with H.O and 2 % (w/v) yeast PVC and
on HW medium with 89 % (v/v) 2H.O and 2 % (w/w) hydrolysate of deuterated biomass of
B. methylicum (Figure 4). Experiments demonstrated a certain correlation between the changes of
growth dynamics of B. subtilis (Figure 4, curves 1, 1'), output of inosine (Figure 4, curves 2, 2'), and
glucose assimilation (Figure 4, curves 3, 3'). The maximal output of inosine (17 g/1) was observed
on protonated PVC medium at a glucose assimilation rate 10 g/1 (Figure 4, curve 2). The output of
inosine in the HW medium decreased in 4,4-fold, reaching 3,9 g/1 (Figure 4, curve 2'), and the level
of glucose assimilation — 4-fold, as testified by the remaining 40 g/l non-assimilated glucose in CL
(Figure 4, curve 3"). The experimental data demonstrate that glucose is less efficiently assimilated
during growth in the HW medium as compared to the control conditions in H.O.
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Figure 4. Growth dynamics of B. subtilis (1, 1') (cells/ml), inosine accumulation in LC (2, 2")
(g/1), and glucose assimilation (3, 3") (g/1) under different experimental conditions: (1—3) —
protonated yeast PVC medium; (1'-3') — HW medium with 2% (w/v) hydrolysate of deuterated
biomass of B. methylicum.

The isolation of inosine from the CL consisted in low-temperature precipitation of high
molecular weight impurities with organic solvents (acetone and methanol), adsorption/desorption
on the surface of activated carbon, extraction of the end product, crystallization, and ion exchange
chromatography. The proteins and polysaccharides were removed from the CL by precipitation
with acetone at 4 °C with subsequent adsorption/desorbtion of total ribonucleosides on activated
carbon. The desorbed ribonucleosides were extracted from the reacted solid phase by eluting with
EtOH-NH;-solution at 60 °C; inosine — by extracting with 0,3 M ammonium—formate buffer (pH =
8,9) and subsequent crystallization in 80% (v/v) ethanol. The final purification consisted in
column ion exchange chromatography on AG50WX 4 cation exchange resin equilibrated with
0,3 M ammonium—formate buffer containing 0,045 M NH,Cl with collection of fractions at Ry =
0,5. The curves 1—3 in Figure 5 shows UV-absorption spectra of inosine isolated from the CL at
various stages of isolation procedure. The presence of major absorbance band I, corresponding to
natural inosine (Amax = 249 nm, €49 = 7100 M cm™), and the absence of secondary metabolites 11
and III in the analyzed sample (Figure 5, curve 3), demonstrates the homogeneity of the isolated
product and the efficiency of the isolation method.
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Figure 5. UV-absorption spectra of inosine (0,1 N HCI): (1) — initial LC after the growth of
B. subtilis on HW medium; (2) — natural inosine, and (3) — inosine extracted from the LC. Natural
inosine (2) was used as a control: (I) — inosine, (II, III) — secondary metabolites

The level of deuterium enrichment of [2H]inosine was determined by FAB mass spectrometry,
the high sensitivity of which allows to detect 108 to 10° moles of a substance in a sample.
The formation of a molecular ion peak for inosine in FAB mass spectrometry was accompanied by
the migration of H*. Biosynthetically 2H-labeled inosine, which FAB mass-spectrum represented in
Figure 6b regarding the control (natural protonated inosine, Figure 6a), represented a mixture of
isotope-substituted molecules with different numbers of hydrogen atoms replaced by deuterium.
Correspondingly, the molecular ion peak of inosine [M+H]*, was polymorphically splintered into
individual clusters with admixtures of molecules with statistical set of mass numbers m/z and
different contributions to the total level of deuterium enrichment of the molecule. It was calculated
according to the most intensive molecular ion peak (the peak with the largest contribution to the
level of deuterium enrichment) recorded by a mass spectrometer under the same experimental
conditions. These conditions are satisfied the most intensive molecular ion peak [M+H]* at m/z
274 with 38 % (instead of [M+H]+ at m/z 269 with 42 % under the control conditions; Figure 6a).
That result corresponds to five deuterium atoms incorporated into the inosine molecule (Figure
6b). The molecular ion peak of inosine also contained less intensive peaks with admixtures of
molecules containing four (m/z 273, 20 %), five (m/z 274, 38 %), six (m/z 275, 28 %), and seven
(m/z 276, 14 %) deuterium atoms (Table 4).
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Table 4: Values of peaks [M+H]* in the FAB mass spectra and levels of deuterium enrichment
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of inosine isolated from HW-medium

Value of Contribution The number of Level of deuterium
peak [M+H]* to the level of deuterium atoms enrichment of molecules, % of

deuterium the total number of hydrogen
enrichment, mol.% atoms*

273 20 4 20,0+0,60

274 38 5 62,5+1,80

275 28 6 72,541,006

276 14 7 87,5+2,08

Notes: *At calculation of the level of deuterium enrichment, the protons(deuterons) at the hydroxyl
(OH") and imidazole protons at NH* heteroatoms were not taken into account because of keto—enol

tautomerism in

Taking into account the contribution of the molecular ion peaks [M]+, the total level of
deuterium enrichment (TLDE) of the inosine molecule calculated using the below equation was

H.0/2H.O0.

65,5 % of the total number of hydrogen atoms in the carbon backbone of the molecule:

TLDE =

[MI;-C, +[M];,-C, +..+[MI; -C,

where [M]*, - the values of the molecular ion peaks of inosine; C, - the contribution of the
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Figure 6. FAB mass spectra of inosine (glycerol as a matrix) under different experimental
conditions: (a) — natural inosine; (b) — [2H]inosine isolated from HW medium (scanning interval
at m/z 50—350; major peaks with a relative intensity of 100 % at m/z 52 and m/z 54; ionization
conditions: cesium source; accelerating voltage, 5 kV; ion current, 0,6—0,8 mA; resolution,
7500 arbitrary units): I — relative intensity of peaks (%); (I) — inosine; (II) — ribose fragment;
(ITI) — hypoxanthine fragment

The fragmentation of the inosine molecule, shown in Figure 7, gives more precise information
on the deuterium distribution in the molecule. The FAB fragmentation pathways of the inosine
molecule (I) lead to formation of ribose (CsH,O,)* fragment (II) at m/z 133 and hypoxanthine
(CsH,ON,)* fragment (III) at m/z 136 (their fragmentation is accompanied by the migration of H+),
which in turn, later disintegrated into several low-molecular-weight splinter fragments at m/z 109,
108, 82, 81, and 54 due to HCN and CO elimination from hypoxanthine (Figure 7). Consequently,
the presence of two “heavy” fragments of ribose II (CsH,0,)* at m/z 136 (46 %) (instead of m/z 133
(41 %) in the control) and hypoxanthine IIT (C;H,ON,)* at m/z 138 (55 %) (instead of m/z 136
(48 %) in the control), as well as the peaks of low molecular weight splinter fragments formed from
FAB-decomposition of hypoxanthine fragment at m/z 111 (49 %) (instead of m/z 109 (45 %) in the
control) and m/z 84 (43 %) (instead of 82 (41 %) in the control) suggests that three deuterium
atoms are incorporated into the ribose residue, and two other deuterium atoms — into the
hypoxanthine residue of the inosine molecule (Figure 7). Such selective character of the deuterium
inclusion into the inosine molecule on specific locations of the molecule was confirmed by the
presence of deuterium in the smaller fission fragments.
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Figure 7. The fragmentation pathways of the inosine molecule leading to formation of smaller
fragments by the FAB-method
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When analyzing the level of deuterium enrichment of the inosine molecule we took into
account the fact that the character of deuterium incorporation into the molecule is determined by
the pathways of carbon assimilation. The carbon source was glucose as a main substrate and a
mixture of deuterated amino acids from deuterated hydrolizate of methylotrophic bacterium
B. methylicum as a source of deuterated substrated and amine nitrogen. Since the protons
(deuterons) at positions of the ribose residue in the inosine molecule could have been originated
from glucose, the character of deuterium inclusion into the ribose residue is mainly determined by
hexose monophosphate (HMP) shunt, associated with the assimilation of glucose and other
carbohydrates. HMP shunt is a complex of 12 reversible enzymatic reactions resulting in the
oxidation of glucose to CO. to form reduced NADPH, and H*, and the synthesis of phosphorylated
sugars containing from 3 to 7 carbon atoms. Since glucose in our experiments was used in a
protonated form, its contribution to the level of deuterium enrichment of the ribose residue was
neglected.

However, as the investigation of deuterium incorporation into the molecule by FAB method
showed that deuterium was incorporated into the ribose residue of the inosine molecule owing to
the preservation in this bacterium the minor pathways of de novo glucose biosynthesis in 2H,O-
medium. Evidently the cell uses its own resources for intracellular biosynthesis of glucose from
intracellular precursors. It should be noted that numerous isotopic *H—2H exchange processes
could also have led to specific incorporation of deuterium atoms at certain positions in the inosine
molecule. Such accessible positions in the inosine molecule are hydroxyl (OH-)- and imidazole
protons at NH* heteroatoms, which can be easily exchanged on deuterium in 2H,O via keto—enol
tautomerism. Three non-exchangeable deuterium atoms in the ribose residue of inosine are
synthesized de novo and could have been originated from HMP shunt reactions, while two other
deuterium atoms at C2,C8-positions in the hypoxanthine residue could be synthesized de novo at
the expense of [2H]amino acids, primarily glutamine and glycine, that originated from deuterated
hydrolysate of the methylotrophic bacterium B. methylicum obtained on 98 % of 2H,O medium.
In particular, the glycoside proton at B-Ngy-glycosidic bond could be replaced with deuterium via
the reaction of CO, elimination at the stage of ribulose-5-monophosphate formation from 3-keto-6-
phosphogluconic acid with subsequent proton (deuteron) attachment at the Ci-position of
ribulose-5-monophosphate. Two other protons at C2(C3) and C4 positions in ribose residue could
be replaced with deuterium via further enzimatic isomerization of ribulose-5-monophosphate into
ribose-5-monophosphate. In general, our studies confirmed this scheme. However, it should be
noted that the level of deuterium enrichment of inosine molecule is determined by isotopic purity
of 2H,O and deuterated substrates and, therefore, for the total administration of the deuterium
label into the inosine molecule instead of protonated glucoce it must be used its deuterated
analogue. Deuterated glucose may be isolated in gram-scale quntities from deuterated biomass of
the methylotrophic bacterium B. methylicum.

Adaptation to deuterium of microalgae C. vulgaris

For adaptation of microalgae C. vulgaris was used Tamiya liquid mineral medium containing
25; 50; 75 and 98 % (v/v) 2H,0. The levels of deuterium enrichment of carotenoids were In the case
of C. vulgaris and H. halobium used fluorescent illumination, as both microorganisms grown in the
presence of light. Individual colonies of cells of these microorganisms resistant to 2H.O, allocated
by selection were grown on liquid growth media of the same composition with 99,9 atom% 2H.O
for producing the deuterated biomass.

Adaptation to deuterium the photoorganotrophic halobacterium H. halobium

The cell membrane of extreme aerobic photo-organotrophic halobacterium Halobacterium
halobium contains a chromoprotein trans-membrane protein — bacteriorhodopsin (BR) with the
molecular weight ~26,5 kDa, determining the purple-red culour of halophilic bacteria. BR contains
as chromophore group an equimolar mixture of 13-cis- and 13-trans-retinol C20 carotenoid, bound
by aldemine bond schiff base (as in the visual animal pigments) with Lys-216 residue of the
protein. In halobacteria BR functions as a light-driven transmembrane proton pump pumping a
proton accros the membrane. Along with the BR the cell membrane of halobacteria contains a
small amount of other related carotenoid pigments, the main of which bakterioruberin determining
the stability of halobacteria to solar radiation.
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The adaptation of photo-organotrophic halobacterium Halobacterium halobium was carried
out via plating of initial cells to separate colonies on solid 2 % (w/v) agarose HM2 media based on
99,9 atom% 2H,O and deuterated hydrolyzate biomass of B. methylicum, with the following
subsequent selection of the colonies resistant to 2H,O. The growing of halobacteria was carried out
under illumination by light fluorescent lamps LDS-40-2 (40 W) with monochromatic light with A =
560 nm for 4—5 days at 35 °C as swoun in Figure 8. While growing of H. halobium on HM2 growth
medium cells synthesized the purple carotenoid pigment, identified as a native BR on the the
spectral ratio of protein and chromophore fragments in the molecule (Dsgo/Dses = 1,5:1,0).
The growth of this bacterium on 2H.O medium was slightly inhibited as compared with the control
on protonated growth medium that simplifies the optimization of conditions for the production of
microbial biomass, which consists in the growing of the halobacterium on deuterated growth
medium with 2 % (w/v) of deuterated biomass hydrolyzate of B. methylicum, cell disintegration
and lysis; isolation of purple membrane (PM) fraction; purification of PM from the low and high-
molecular weight impurities, cellular RNA, carotenoids and phospholipids; solubilization of PM in
0,5 % (w/v) solution of ionic detergent SDS—Na to form a microemulsion; fractionation of
solubilized BR by MeOH; gel permeation chromatography (GPC) on Sephadex G-200 and
electrophoresis in 12,5 % (w/v) PAAG in 0,1 % (w/v) SDS -Na.
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Figure 8. Growth dynamics of H. halobium under various experimental conditions:
a) — HW2-medium; b) — peptone medium. Growing conditions: the incubation period:
4-5 days, temperature: 35 °C, illumination under monochrome light at A = 560 nm

In an attempt to remove a large fraction of the carotenoids and phospholipids from the
membrane by column GPC, PM fraction was washed by 50 % (v/v) of EtOH before stabilization by
SDS-Na. Removing of carotenoids, consisting in repeated treatment of PM with 50 % (v/v) EtOH at
0 °C, was a routine but necessary step, in spite of the significant loss of the chromoprotein. It was
used five treatments by 50 % (v/v) EtOH to obtain the absorption spectrum of PM suspension
purified from carotenoids (4) and (5) (degree of chromatographic purity of 80-85 %), as shown in
Figure 9 at various processing stages (b) and (c) relative to the native BR (a). Figure 9 shows a
dark-adapted absorption maximum at A = 548 nm. Formation of retinal-protein complex in the BR
molecule leads to a bathochromic shift in the absorption spectrum of PM (Figure 9c) - the main
bandwith (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
BRses; additional low-intensity bandwith (2) at A = 412 nm characterizes a minor impurity of a
spectral form of meta-bacteriorhodopsin My (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 D.go/Dses = 1,5:1,0). Upon the absorption of light, the maximum absorbance of PM shifts
to A = 556 nm with 6-8 % increase in extinction. The 280/568 nm absorbance ratio of BR is directly
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related to the ratio of total protein (native BR) and is a convenient indicator for BR stability and
integrity. Identical absorbance ratios are monitored using the conventional optics on a Beckman
DU-6 spectrophotometer (“Beckman Coulter”, USA) for detergent-solubilized BR or purified BR-
solubilized in detergent.
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Figure 9. The absorption spectra of PM (50 % (v/v) EtOH) at various stages of processing:

(@) — natural BR; (b) — PM after intermediate treatment; (c) — PM purified from carotenoids.
The bandwith (1) is the spectral form of BRses, (2) — impurity of spectral form of meta-
bacteriorhodopsin M,:., (3) — the total absorption bandwith of aromatic amino acids, (4) and (5) —
extraneous carotenoids. As a control used the native BR.

The final stage of purification involved the crystallization of the solubilized in 0,5 % (w/v)
SDS-Na solution protein by MeOH and further separation of the protein from low-molecular-
weight impurities by GPC. For this purpose the fractions containing BR were passed twice through a
column with dextran Sephadex G-200 balanced with 0.09 M Tris buffer (pH = 8,35) containing 0,1 %
(w/v) SDS-Na and 2,5 mM EDTA.

The homogeneity of isolated BR satisfies to the requirements for reconstruction of native
membranes, and was confirmed by electrophoresis in 12,5 % (w/v) PAAG with 0,1 % (w/v) SDS-Na
and in vitro regeneration of AP with 13-trans-retinal. The degree of regeneration of PM was
determined by the ratio: Dnat.28o'Dnats68/Dreg.280o Dregs68 (D2so and Dses — the absorbance of a
suspension of native and regenerated PM at A = 280 and A = 568 nm) was 65 mol.%. Output of
crystalline protein makes up approximately 5 mg. The total level of deuterium enrichment of the
BR molecule, calculated on deuterium enrichment levels of amino acids of the protein hydrolyzate
was 95,7 atom% 2H.

Discussion

Our studies indicated that the ability of adaptation to 2H.O for different taxonomic groups of
microorganisms is different, and stipulated by taxonomic affiliation, metabolic characteristics,
pathways of assimilation of substrates, as well as by evolutionary niche occupied by the object.
Thus, the lower the level of evolutionary organization of the organism, the easier it adapted to the
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presence of deuterium in growth media. Thus, most primitive in evolutionary terms (cell
membrane structure, cell organization, resistance to environmental factors) of the studied objects
are photo-organotrophic halobacteria related to archaebacteria, standing apart from both
prokaryotic and eukaryotic microorganisms, exhibiting increased resistance to 2H,O and practically
needed no adaptation to 2H,O, contrary to blue-green algae, which, being eukaryotes, are the more
difficult adapted to 2H,O and, therefore, exhibit inhibition of growth at 70—75 % (v/v) D.O.

The composition of growth media evidently also plays an important role in process of
adaptation to 2H.0O, because the reason of inhibition of cell growth and cell death can be changes of
the parity ratio of synthesized metabolites in 2H.O-media: amino acids, proteins and
carbohydrates. It is noted that adaptation to 2H.O occures easier on complex growth media than on
the minimal growth media with full substrates at a gradual increasing of deuterium content in the
growth media, as the sensitivity to 2H,O of different vital systems is different. As a rule, even highly
deuterated growth media contain remaining protons ~0,2—10,0 atom.%. These remaining protons
facilitate the restructuring to the changed conditions during the adaptation to 2H,O, presumably
integrating into those sites, which are the most sensitive to the replacement of hydrogen by
deuterium. The evidence has been obtained that cells evidently are able to regulate the 2H/*H
ratios, while its changes trigger distinct molecular processes. One possibility to modify intracellular
2H/'H ratios is the activation of the H+*-transport system, which preferentially eliminates H*,
resulting in increased 2H/*H ratios within cells. Furthermore deuterium induces physiological,
morphological and cytological alterations on the cell. There were marked the significant differences
in the morphology of the protonated and deuterated cells of blue-green algae C. vulgaris. Cells
grown on 2H,O-media were ~2—3 times larger in size and had thicker cell walls, than the control
cells grown on a conventional protonated growth media with ordinary water, the distribution of
DNA in them was non-uniform. In some cases on on the surface of cell membranes may be
observed areas consisting of tightly packed pleats of a cytoplasmic membrane resembling
mezosoms — intracytoplasmic bacterial membrane of vesicular structure and tubular form formed
by the invasion of cytoplasmic membrane into the cytoplasm (Figure 10). It is assumed that
mezosoms involved in the formation of cell walls, replication and segregation of DNA, nucleotides
and other processes. There is also evidence that the majority number of mezosoms being absent in
normal cells is formed by a chemical action of some external factors — low and high temperatures,
fluctuation of pH and and other factors. Furthermore, deuterated cells of C. vulgaris were also
characterized by a drastic change in cell form and direction of their division. The observed cell
division cytodieresis did not end by the usual divergence of the daughter cells, but led to the
formation of abnormal cells, as described by other authors [30]. The observed morphological
changes associated with the inhibition of growth of deuterated cells were stipulated by the cell
restructuring during the process of adaptation to 2H,O. The fact that the deuterated cells are larger
in size (apparent size was of ~2—4 times larger than the size of the protonated cells), apparently is a
general biological phenomenn proved by growing a number of other adapted to 2H,O prokaryotic
and eukaryotic cells.
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Figure 10. Electron micrographs of Micrococcus lysodeikticus cells obtained by SEM method:
a) — protonated cells obtained on H.O-medium; b) — deuterated cells obtained on 2H,O-medium.
The arrows indicate the tightly-packed portions of the membranes

Our data generally confirm a stable notion that adaptation to 2H.O is a phenotypic
phenomenon as the adapted cells eventually return back to the normal growth after some lag-
period after their replacement back onto H.O-medium. However, the effect of reversion of growth
on H,O/2H,O media does not exclude an opportunity that a certain genotype determines the
manifistation of the same phenotypic attribute in 2H,O-media with high deuterium content.
At placing a cell onto 2H.O-media lacking protons, not only 2H.O is removed from a cell due to
isotopic (*H—2H) exchange, but also there are occurred a rapid isotopic (*H—2H) exchange in
hydroxyl (-OH), sulfohydryl (-SH) and amino (-NH,) groups in all molecules of organic substances,
including proteins, nucleic acids, carbohydrates and lipids. It is known, that in these conditions
only covalent C—H bond is not exposed to isotopic (*H—2H) exchange and, thereof only molecules
with bonds such as C—2H can be synthesized de novo. Depending on the position of the deuterium
atom in the molecule, there are distinguished primary and secondary isotopic effects mediated by
intermolecular interactions. In this aspect, the most important for the structure of macromolecules
are dynamic short-lived hydrogen (deuterium) bonds formed between the electron deficient *H(2H)
atoms and adjacent electronegative O, C, N, S- heteroatoms in the molecules, acting as acceptors of
H-bond. The hydrogen bond, based on weak electrostatic forces, donor-acceptor interactions with
charge-transfer and intermolecular van der Waals forces, is of the vital importance in the chemistry
of intermolecular interactions and maintaining the spatial structure of macromolecules in aqueous
solutions. Another important property is defined by the three-dimensional structure of 2H.O
molecule having the tendency to pull together hydrophobic groups of macromolecules to minimize
their disruptive effect on the hydrogen (deuterium)-bonded network in 2H,O. This leads to
stabilization of the structure of protein and nucleic acid macromolecules in the presence of 2H.O.
That is why, the structure of macromolecules of proteins and nucleic acids in the presence of 2H,O
is somehow stabilized [31].

Evidently the cell implements a special adaptive mechanisms promoting the functional
reorganization of vital systems in 2H,O. Thus, for the normal synthesis and function in 2H,O of

199




European Journal of Molecular Biotechnology, 2014, Vol.(6), N2 4

such vital compounds as nucleic acids and proteins contributes to the maintenance of their
structure by forming hydrogen (deuterium) bonds in the molecules. The bonds formed by
deuterium atoms are differed in strength and energy from similar bonds formed by hydrogen.
Somewhat greater strength of 2H—O bond compared to *H—O bond causes the differences in the
kinetics of reactions in H,O and 2H,O. Thus, according to the theory of a chemical bond the
breaking up of covalent ‘H-C bonds can occur faster than C—2H bonds, the mobility of 2H;O* ion is
lower on 28,5 % than H;O* ion, and O2H- ion is lower on 39,8 % than OH- ion, the constant of
ionization of 2H.O0 is less than that of H.O. These chemical-physical factors lead to slowing down in
the rates of enzymatic reactions in 2H.O [32]. However, there are also such reactions which rates in
2H,0 are higher than in H.O. In general these reactions are catalyzed by 2H;0* or H;0* ions or
O2H- and OH- ions. The substitution of *H with 2H affects the stability and geometry of hydrogen
bonds in an apparently rather complex way and may, through the changes in the hydrogen bond
zero-point vibration energies, alter the conformational dynamics of hydrogen (deuterium)-bonded
structures of DNA and proteins in 2H,O. It may cause disturbances in the DNA-synthesis during
mitosis, leading to permanent changes on DNA structure and consequently on cell genotype [33].
Isotopic effects of deuterium, which would occur in macromolecules of even a small difference
between hydrogen and deuterium, would certainly have the effect upon the structure. The
sensitivity of enzyme function to the structure and the sensitivity of nucleic acid function (genetic
and mitotic) would lead to a noticeable effect on the metabolic pathways and reproductive
behaviour of an organism in the presence of 2H,O. And next, the changes in dissociation constants
of DNA and protein ionizable groups when transferring the macromolecule from H.O into 2H.O
may perturb the charge state of the DNA and protein molecules. All this can cause variations in
nucleic acid synthesis, which can lead to structural changes and functional differences in the cell
and its organelles. Hence, the structural and dynamic properties of the cell membrane, which
depends on qualitative and quantitative composition of membrane’s fatty acids, can also be
modified in the presence of 2H,O. The cellular membrane is one of the most important organelles
in the bacteria for metabolic regulation, combining apparatus of biosynthesis of polysaccharides,
transformation of energy, supplying cells with nutrients and involvement in the biosynthesis of
proteins, nucleic acids and fatty acids. Obviously, the cell membrane plays an important role in the
adaptation to 2H,O. But it has been not clearly known what occurs with the membranes — how they
react to the replacement of protium to deuterium and how it concerns the survival of cells in 2H.O-
media devoid of protons.

Comparative analysis of the fatty acid composition of deuterated cells of chemoheterotrophic
bacteria B. subtilis, obtained on the maximum deuterated medium with 99,9 atom.% 2H.0O, carried
out by HPLC method, revealed significant quantitative differences in the fatty acid composition
compared to the control obtained in ordinary water (Figure 11a, b). Characteristically, in a
deuterated sample fatty acids having retention times at 33,38; 33,74; 33,26 and 36,03 min are not
detected in HPLC-chromatogram (Fig. 11b). This result is apparently due to the fact that the cell
membrane is one of the first cell organelles, sensitive to the effects of 2H,O, and thus compensates
the changes in rheological properties of a membrane (viscosity, fluidity, structuredness) not only by
quantitative but also by qualitative composition of membrane fatty acids. Similar situation was
observed with the separation of other natural compounds (proteins, amino acids, carbohydrates)
extracted from deutero-biomass obtained from maximally deuterated 2H.O-medium.
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Figure 11. HPLC-chromatograms of fatty acids obtained from protonated (a) and deuterated (b)
cells of B. subtilis on the maximally deuterated 2H,O-medium: Beckman Gold System (Beckman,
USA) chromatograph (4,6x250 mm); stationary phase: Ultrasphere ODS, 5 um; mobile phase:
linear gradient 5 mM KH,PO,—acetonitrile (shown in phantom), elution rate: 0,5 ml/min,
detection at A = 210 nm. The peaks with retention time 3,75 min (instead of 3,74 minutes in the
control); 4,10; 4,27; 4,60 (instead of 4,08; 4,12; 4,28 in the control), 5,07 (instead of 4,98 in
control) 12,57; 12,97 (instead of 12,79; 13,11; 13,17 in control); 14,00 (instead of 14,59 in the
control); 31,87 (instead of 31,83 in the control); 33,38; 33,74; 33,26; 36,03; 50,78; 50,99
(instead of 51,03; 51,25 for control) correspond to individual intracellular fatty acids

Amino acid analysis of protein hydrolysates isolated from deuterated cells of B.
subtilis, also revealed the differences in quantitative composition of amino acids
synthesized in 2H.O-medium (Figure 12). Protein hydrolyzates contains fifteen
identified amino acids (except proline, which was detected at A = 440 nm) (Table 5).
An indicator that determines a high efficiency of deuterium inclusion into amino acid
molecules of protein hydrolyzates are high levels of deuterium enrichment of amino
acid molecules, which are varied from 50 atom.% for leucine/isoleucine to
97,5 atom.% for alanine.
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Figure 12. HPLC-chromatograms of amino acids obtained from hydrolizates of protonated (a) and
deuterated (b) cells of B. subtilis on the maximally deuterated D.O-medium: Biotronic LC-5001
(230x%3,2 mm) column (“Eppendorf-Nethleler—Hinz”, Germany); stationary phase: UR-30
sulfonated styrene resin (“Beckman—Spinco”, USA); 25 um; 50—60 atm; mobile phase: 0,2 N
sodium-—citrate buffer (pH = 2,5); the eluent input rate: 18,5 ml/h; the ninhydrin input rate:
9,25 ml/h; detection at A = 570 and A = 440 nm (for proline).

Table 5: Amino acid composition of the protein hydrolysates of B. subtilis,
obtained on the maximum deuterated medium and levels of deuterium
enrichment of molecules*

Amino acid Yield, % (w/w) dry weight per 1 Number of Level of deuterium

gram of biomass deuterium enrichment of
atoms molecules, % of the
Protonated The sample incorporated total number of
sample obtained in into the carbon | hydrogen atoms***
(control) 99,9 atom.% backbone of a
2H,0 molecule**

Glycine 8,03 9,69 2 90,0

Alanine 12,95 13,98 4 97,5

Valine 3,54 3,74 4 50,0

Leucine 8,62 7,33 5 50,0
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Isoleucine 4,14 3,64 5 50,0
Phenylalanine 3,88 3,94 8 95,0
Tyrosine 1,56 1,83 7 92,8
Serine 4,18 4,90 3 86,6
Threonine 4,81 5,51 - -
Methionine 4,94 2,25 - -
Asparagine 7,88 9,59 2 66,6
Glutamic acid 11,68 10,38 4 70,0
Lysine 4,34 3,98 5 58,9
Arginine 4,63 5,28 - -
Histidine 3,43 3,73 - -
Notes:

* The data obtained by mass spectrometry for the methyl esters of N-5-(dimethylamino) naphthalene-1-
sulfonyl chloride (dansyl) amino acid derivatives.

** While calculating the level of deuterium enrichment protons (deuterons) at the carboxyl (COOH-) and
NH.-groups of amino acid molecules are not taken into account because of their easy dissociation in
H,0/2H.0

*** A dash means absence of data.

Qualitative and quantitative composition of the intracellular carbohydrates of B. subtilis
obtained on maximally deuterated 2H.O-medium is shown in Table. 6 (the numbering is given to
the sequence of their elution from the column) contained monosaccharides (glucose, fructose,
rhamnose, arabinose), disaccharides (maltose, sucrose), and four other unidentified carbohydrates
with retention time 3,08 min (15,63 %); 4,26 min (7,46 %); 7,23 min (11,72 %) and 9,14 min
(7,95 %) (not shown) (Figure 13). Yield of glucose in deuterated sample makes up 21,4 % by dry
weight, i.e. higher than for fructose (6,82 %), rhamnose (3,47 %), arabinose (3,69 %), and maltose
(11,62 %). Their outputs are not significantly different from the control in H.O except for sucrose in
deuterated sample that was not detected (Table 6). The deuterium enrichment levels of
carbohydrates were varied from 90,7 atom.% for arabinose to 80,6 atom.% for glucose.

a)

1 FA -

Figure 13. HPLC-chromatograms of intracellular carbohydrates obtained from protonated (a)
and deuterated (b) cells of B. subtilis on the maximally deuterated 2H.O-medium: Knauer
Smartline chromatograph (250x10 mm) (“Knauer”, Germany); stationary phase: Ultrasorb CN; 10
um; mobile phase: acetonitrile-water (75:25, % (w/w); the input rate: 0,6 ml/min
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Table 6: Qualitative and quantitative composition of intracellular carbohydrates
of B. subtilis obtained on the maximally deuterated medium and levels

of deuterium enrichment of molecules*

Carbohydrate | Content in the biomass, % of the dry weight of 1 | Level of deuterium
g biomass enrichment, % of the total
Protonated sample The sample obtained in | number of hydrogen
(control) 99,9 atom.% 2H,O** atoms***

Glucose 20,01 21,40 80,6

Fructose 6,12 6,82 85,5

Rhamnose 2,01 3,47 90,3

Arabinose 3,26 3,69 90,7

Maltose 15,30 11,62 -

Sucrose 8,62 ND -

Notes:

* The data were obtained by IR-spectroscopy.
** ND — not detected
** A dash means the absence of data.

In conclusion it should be noted that comparative analysis of IR-spectra of H.O solutions and
its deuterated analogues (2H.O, H2HO) is of considerable interest for biophysical studies, because
at changing of the atomic mass of hydrogen by deuterium atoms in H,O molecule their interaction
will also change, although the electronic structure of the molecule and its ability to form H-bonds,
however, remains the same. The local maximums in IR-spectra reflect vibrational-rotational
transitions in the ground electronic state; the substitution with deuterium changes the vibrational-
rotational transitions in H.O molecule, that is why it appear other local maximums in IR-spectra.
In the water vapor state, the vibrations involve combinations of symmetric stretch (v,), asymmetric
stretch (v;) and bending (v.) of the covalent bonds with absorption intensity (H.O) vi;v.;v5 = 2671;
1178,4; 2787,7 cm™. For liquid water absorption bands are observed in other regions of the IR-
spectrum, the most intense of which are located at 2100, cm and 710-645 cm-. For 2H,O molecule
these ratio compiles 2723,7; 1403,5 and 3707,5 cm™, while for H2HO molecule — 2671,6; 1178,4 and
2787,7 cm™. H2HO (50 mole% H.O + 50 mole% 2H.0O; ~50 % H2HO, ~25 % H.0, ~25 % 2H,0) has
local maxima in IR-spectra at 3415 cm, 2495 cm™ 1850 cm™ and 1450 cm™ assigned to OH- -
stretch, O2H- -stretch, as well as combination of bending and libration and H2HO bending
respectively.

In the IR-spectrum of liquid water absorbance band considerably broadened and shifted
relative to the corresponding bands in the spectrum of water vapor. Their position depends on the
temperature [34]. The temperature dependence of individual spectral bands of liquid water is very
complex [35]. Furthermore, the complexity of the IR-spectrum in the area of OH- stretching
vibration can be explained by the existence of different types of H.O associations, manifestation of
overtones and composite frequencies of OH- groups in the hydrogen bonds, and the tunneling
effect of the proton (for relay mechanism) [36]. Such complexity makes it difficult to interpret the
spectrum and partly explains the discrepancy in the literature available on this subject.

In liquid water and ice the IR-spectra are far more complex than those ones of the vapor due
to vibrational overtones and combinations with librations (restricted rotations, i.g. rocking
motions). These librations are due to the restrictions imposed by hydrogen bonding (minor L, band
at 395,5 cm; major L. band at 686,3 cm; for liquid water at 0 °C, the absorbance of L, increasing
with increasing temperature, while L. absorbance decreases but broadens with reduced wave
number with increasing temperature [37]. The IR spectra of liquid water usually contain three
absorbance bands, which can be identified on absorption band of the stretching vibration of OH-
group; absorption band of the first overtone of the bending vibration of the molecule H2HO and
absorption band of stretching vibration of O2H- group. Hydroxyl group OH- is able to absorb much
infrared radiation in the infrared region of the IR-spectrum. Because of its polarity, these groups
typically react with each other or with other polar groups to form intra-and intermolecular
hydrogen bonds. The hydroxyl groups, which are not involved in formation of hydrogen bonds
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usually produce the narrow bands in IR spectrum, while the associated groups — broad intense
absorbance bands at lower frequencies. The magnitude of the frequency shift is determined by the
strength of the hydrogen bond. Complication of the IR spectrum in the area of OH- stretching
vibrations can be explained by the existence of different types of associations of H,O molecules, a
manifestation of overtones and combination frequencies of OH- groups in hydrogen bonding, as
well as the proton tunneling effect (on the relay mechanism).

Assignment of main absorbtion bands in the IR-spectrum of liquid water is given in the
Table. 7. The IR spectrum of H.O molecule was examined in detail from the microwave till the
middle (4—17500 cm™) visible region and the ultraviolet region — from 200 nm to ionization limit
at 98 nm™[38]. In the middle visible region at 4—7500 cm™ are located rotational spectrum and the
bands corresponding to the vibrational-rotational transitions in the ground electronic state. In the
ultraviolet region (200 to 98 nm™) are located bands corresponding to transitions from the excited
electronic states close to the ionization limit in the electronic ground state. The intermediate region
of the IR-spectrum — from 570 nm to 200 nm corresponds to transitions to higher vibrational
levels of the ground electronic state.

Table 7: The assignment of main frequencies in IR-spectra
of liquid water H.O and 2H.O

Main vibrations of liquid H,O and 2H.O

Vibration(s) H.O (t = 25 °C) 2H,0 (t = 25 °C)

v, cm! Eo, M1 cm v, cm! Eo, M1 cm
Spinning v, + 780-1645 21,65 1210 17,10
deformation v ,
Composite v; + v, 2150 3,46 1555 1,88
Valence 3290-3450 100,65 2510 69,70
symmetrical v,,
valence
asymmetrical vs,
and overtone 2v,

At the transition from H,O monomers to H.O dimer and H;O trimer absorption maximum of
valent stretching vibrations of the O-H bond is shifted toward lower frequencies (v; = 3490 cm™
and v, = 3280 cm™) and the bending frequency increased (v. = 1644 cm™) because of hydrogen
bonding. The increased strength of hydrogen bonding typically shifts the stretch vibration to lower
frequencies (red-shift) with greatly increased intensity in the infrared due to the increased dipoles.
In contrast, for the deformation vibrations of the H-O-H, it is observed a shift towards higher
frequencies. Absorption bands at 3546 and 3691 cm™ were attributed to the stretching modes of the
dimer [(H.O).]. These frequencies are significantly lower than the valence modes of v, and v;
vibrations of isolated H.O molecules at 3657 and 3756 cm™ respectively). The absorbtion band at
3250 cm™ represents overtones of deformation vibrations. Among frequencies between 3250 and
3420 cm™ is possible Fermi resonance (this resonance is a single substitution of intensity of one
fluctuations by another fluctuation when they accidentally overlap each other). The absorption
band at 1620 cm™ is attributed to the deformation mode of the dimer. This frequency is slightly
higher than the deformation mode of the isolated H.O molecule (1596 cm™). A shift of the band of
deformation vibration of water in the direction of high frequencies at the transition from a liquid to
a solid atate is attributed by the appearance of additional force, preventing O-H bond bending.
Deformation absorption band in IR-spectum of water has a frequency at 1645 cm™ and a very weak
temperature dependence. It changes little in the transition to the individual H.O molecule at a
frequency of 1595 cm™. This frequency is found to be sufficiently stable, while all other frequencies
are greatly affected by temperature changes, the dissolution of the salts and phase transitions. It is
believed that the persistence of deformation oscillations is stipulated by processes of
intermolecular interactions, i.g. by the change in bond angle as a result of interaction of H.O
molecules with each other, as well as with cations and anions.

Thus the study of the characteristics of the IR spectrum of water allows to answer the
question not only on the physical parameters of the molecule and the covalent bonds at isotopic
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substitution with deuterium, but also to make a certain conclusion on associative
environment in water. The latter fact is important in the study of structural and functional
properties of water assotiates and its isotopomers at the isotopic substitution with deuterium.

Conclusions

The experimental data demonstrated that the effects observed at the cellular growth on 2H.O-
media possess a complex multifactor character stipulated by changes of morpholodical, cytological
and physiological parameters — magnitude of the lag-period, time of cellular generation, outputs of
biomass, a ratio of amino acids, protein, carbohydrates and fatty acids synthesized in 2H.O, and
with an evolutionary level of organization of investigated object as well. The cell evidently
implements the special adaptive mechanisms promoting functional reorganization of work of the
vital systems in the presence of 2H,O. Thus, the most sensitive to replacement of *H on 2H are the
apparatus of biosynthesis of macromolecules and a respiratory chain, i.e., those cellular systems
using high mobility of protons and high speed of breaking up of hydrogen bonds. Last fact allows
the consideration of adaptation to 2H.O as adaptation to the nonspecific factor affecting
simultaneously the functional condition of several numbers of cellular systems: metabolism, ways
of assimilation of carbon substrates, biosynthetic processes, and transport function, structure and
functions of deuterated macromolecules. It seems to be reasonable to choose as biomodels in these
studies microorganisms, as they are very well adapted to the environmental conditions and able to
withstand high concentrations of 2H,O in growth media.
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AnHoranusna. lccinenoBaHo OHOJIOTUYECKOE BIIUSHUE JEUTEPHUsS Ha KJIETKU Pa3IUYHBIX
TAKCOHOMUYECKUX TPYHI IPOKAPUOTHYECKUX ¥  3YKAPUOTUYECKUX MHKDPOOPTaHU3MOB,
peaTnu3yoIux MeTWIOTPODHBIH, XeMOTeTePOTPODHBIH, ¢oto-opranoTpodHbII u
dorocuHTeTHUECKUN CTIOCOOBI ACCUMIIALINY YIJIEPOAHBIX cyOCTPaTOB (METHIOTPO(]HBIE OaKTEPUU
Brevibacterium methylicum, xemorereporpodHble Oakrepun Bacillus subtilis, doto-
opraHotpodHble Tanobakrepuu Halobacterium halobium w cuHe3ejlleHass MUKPOBOAOPOCIIH
Chlorella wvulgaris) mupu pocre Ha TUTaTeJBHBIX cpelax C Tskenod Bogou (2H.O).
Jl1s uiceiefyeMbIX MUKPOOOPTaHU3MOB IIPEJCTaBJIEHBl JIAaHHBIE II0 POCTy U afanTallid Ha
IIUTaTEbHBIX CPEJIax, COJIePKAIIUX B KauecTBe NCTOUHHUKOB JleTepUPOBaHHBIX cybcTpatoB 2H.0,
[2H]meTaHnon u ruaposiu3aTsl JeUTepUPOBAHHOTO Onomacchl MeTHIOTpodHBIX OakTepuil B.
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methylicum, mnoyiydeHHBIX B YCJIOBHSX MHOrocTynmeHuaTtou anantanuu k 2H,O. IIpuBenen
KauyeCTBEHHBINI M KOJUYECTBEHHBIN COCTAaB BHYTPU-U MEKKJIETOUHBIX aMHHOKHCJIOT, OEJIKOB,
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Abstract

A remodelling of articular cartilage due to damage or pathological state development is
characterized by an alteration in cartilage homeostasis including distribution of the chondrocytes.
Said alteration can be determined by cellular response changes during cartilage regeneration and
remodelling. However, features of cellular distrubution in native cartilage is not yet clear.
This study was undertaken to select representative set of regulatory molecules and their receptors
related to the formation of mosaic structures in the native cartilage. We used bioinformatical
approaches and mapping of the chondrocyte phenotype markers in different areas of the intact
articular cartilage. Differences in the phenotype markers expression as like as in cellular density
gradient from tidemark to articular surface were observed. Additionaly, we have found specific
order of lateral cellular distribution in the intact cartilage. The database of molecular processes in
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chondrocytes have been obtained, seems to be suitable for further investigation of the articular
cartilage remodeling. The hypothetical model of scaffold to satisfy the conditions of mosaic
structure formation in cartilage after substitution of full-layer defects and stimulation of
colonization by cells from the bone marrow, have been proposed.

Keywords: articular cartilage; osteoarthritis; cartilage tissue engineering; scaffolds;
molecular mapping.

Introduction

Articular cartilage has unique structural features and control mechanisms of its tertiary
functions to provide noninvasive stress distribution due to joint movements. These features, as a
minimum, include visco-elastic and, the same time, very sough characteristics of extracellular
matrix (ECM), monomorphic cellular composition, full avascularity, and absence of innervations.
The trophic and molecular control the chondrocyte phenotype are carried out by molecules
diffused from the underlying bone and synovial fluid [1, 2]. These features are the biological
foundations of extremely low ability of articular cartilage to full regeneration, therefore, different
post-traumatic problems in large joints and chronic pathology of degenerative and inflammatory
genesis, osteoarthritis (OA), are wide-spread in the human population [3-6].

Despite the chondrocytes are the only cell population composed of cartilage, the tissue
forming the articular surface is not seems to be homogeneous in its volume. In addition to the
classic subdivision into loaded and not loaded areas, as well as deep, middle, and superficial zones
[3, 71, an articular cartilage, as shown recently in rats and rabbits [8, 9], has distinct structural
heterogeneity. The revealed phenomenon concluded in a presence of mosaic plots (microclusters),
different from the environment by the numerical density of chondrocytes, structure and optical
density of ECM. Those microclusters took about 40% of cartilage volume and could be described as
a polygon-based truncated pyramids with a diameter cross section about 60-120 microns near the
tidemark and extending to 100-150 microns by superficial zone of the cartilage, and they were
critically altered in experimental osteoarthritis [10].

Currently, there are over forty biologically active molecules being able to actively influence
over the chondrocyte phenotype. Basically, they represent cytokines (TNF-q, interleukin 1), growth
and/or differentiation factors (TGF-§3, BMP-2, IIS-7, IGF-1 etc.), although the effects of a number
of hormones (in particular, the number of thyroid, insulin and metabolites were described in [11-
15]). Recently there have been published the evidence of involvement of some signaling molecules,
as growth factor and differentiation 5 (GDF-5) [20] and connective tissue growth factor (CCN2)
[21, 22] in the regulation of chondrocyte phenotype. The participation hypoxia-inducible factor
HIF-1a [23], and integrin a1pP1 in this process has been substantially revised [24, 25].

That is the reason to make significant changes in scaffold technology for cartilage tissue
engineering. Based on the of biomimetic principle, such scaffolds should have such structure and
properties that the maximum extent close to the one of intact cartilage [26]. Tissue regenerates in
the scaffold replacement site should be remodel into native cartilage in natural manner within
some reasonable period, including all the nuances of zonal and mosaic organization [27, 28]. In
order to achieve the results it is necessary to construct the scaffold being able to form zonal and
mosaic heterogeneity of cartilage after implantation, based on engineering principles and
bioinformatics approach.

The goal of this work, based on the above, is an attempt to develop principles for the
fabrication of new scaffolds for cartilage tissue engineering.

Material and Methods

The first step in our study is an attempt to connect the imaginations about structural
irregularity of cartilage with differences in chondrocyte phenotype. The samples of cartilage in the
knee and elbow joints of six male Chinchilla rabbits weight of from 2.4 to 3.2 kg have been used for
mapping the phenotype of the chondrocytes. Removing the animals from experiment was carried
out in accordance within the context of Directive 2010/63/EU on the protection of animals used for
scientific purposes.

Histological specimens were prepared after fixation in 10% solution of neutral buffered
formalin (pH = 7.4) and decalcification in Cal-Ex® solution (Fisher Scientific). The sections were
stained with hematoxylin, eosin, and with safranin O, to identify ECM. Primary phenotype
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identification included such characteristics of chondrocytes, as the average size on the section
(um?2) after visualization of their nuclei by fluorescent DAPI staining, and the average optical
density of their territorial matrix (con. U/um?), correlated to the distance between cell and
articular surface (um). The measurement was carried out in 4 or 5 slides from each specimen, 5-
6 visual fields in each slide, so that the total number was of the order of 103.

Identification of the phenotype of chondrocytes was performed by sensitive
immunohistochemical assays. Using the monoclonal antibodies against the proliferation marker
Ki-67 (DakoCytomation, Denmark), TNF-related apoptosis-inducing ligand (TRAIL, Novocastra,
UK) and the key enzyme of apoptosis cascade, caspase-3 (Novocastra, UK) we obtained the
opportunity to reveal proliferative and apoptotic potential of chondrocytes. The antibodies against
aggrecan (Santa Cruz Biotechonogy, USA) and lubricin (Santa Cruz Biotechonogy, USA), matrix
metalloproteinases MMP-9 (Leica Mycrosystems, Germany) and MMP-13 (Santa Cruz
Biotechonogy, USA), and their tissue inhibitors TIMP-1 (DakoCytomation, Denmark) and TIMP-3
(Santa Cruz Biotechonogy, USA) one used following the manufacturer’s instructions to identify
specific synthetic activity of cells. We also used temperature method of antigen demasking,
secondary antibodies labeled with alkaline phosphatase with Fast Red visualization direct
fluorescent label, negative control antigens and antibodies were used.

To examine visually and obtain digitized images we used research microscopes BIMAM R-13
(LOMO, Russia) with JCM camera (Japan) and AxioPlan 2 Imaging (Carl Zeiss, Germany) with
visualization system AxioVision LE. We evaluate the expression immunopositive material in cells
and/or territorial matrix as negative (-), very low, low, moderate and high. The most frequent
variant of the conclusion was assigned to the specific site of the specimen.

Quantitative data were processed using Statistica 10.0 (StatSoft Inc., USA) with the
calculation of the indices adopted to characterize the non-parametric samples in biomedical
research: median [15t quartile + 3 quartile]. To prove the validity of differences the non-parametric
Friedman criterion for multiple groups was applied. P values less than 0.05 were considered
significant.

The next step was to build a scheme of genes encoding key proteins. It is required to
determinate the chondrocyte phenotype. We used routine bioinformatics techniques, including the
search free access NCBI resources (PubMed, PubMed Central, Gene, Protein, BioSystems),
UniProtKB, PDB, KEGG, and SRS. We used comprehensive pool of synonymous constructs to
success in data mining. As a result, genes from the operational database were associated with
metabolism and the regulation of the functional activity of the chondrocyte (signaling molecules
and their receptors, transcription factors). Representation of the signaling pathways controlling
chondrocyte metabolism in the form of intellectual schema allowed to transform the information
from the database, into a set of necessary properties of the chondrocyte environment in each
compartment of articular cartilage: the surface area (1), the microclusters (2) and between them
(3), and also near to the tidemark (4).

The final step was to establish a working model of scaffold for tissue engineering, taking into
account the necessity of forming a cartilage with a three-dimensional heterogeneity of cellular
setting and ECM density.

Results

Morphological analysis confirmed that the chondrocytes in the articular cartilage had quite
heterogeneous phenotype; this heterogeneity cannot be reduced to the differences caused by
different loads on specific areas of joint or different zonal location. Typical chondrocyte columns
formed by chondrocyte isogroups in the deep and middle zones of cartilage are additionally
aggregated into specific microclusters the size of about 100 um (fig. 1a).

In the horizontal scanning the cartilage, we found distinct areas of more dense settlement of
cells, usually about 5-8 in cross section (fig. 1b). When you restore the volume structure of
microclusters they consisted generally up to a couple hundred of chondrocytes. As a detailed
morphological description had been given in previous publications [8, 9], we specify only key
features of the chondrocyte phenotype in the description of the cartilage under this perspective.
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Figure 1. Chondrocytes in the cartilage of rabbit knee joint particularly group into microclusters
different from surrounding areas of cartilage by cellular phenotype and denser ECM.

A. Chondrocyte microclusters are presented by groups of several columns, spreading and widening
from deep to superficial zone of cartilage. Safranin O staining, x 240. B. The characteristic
distribution of DAPI fluorescence intensity in the articular cartilage reflects the presence of
microclusters and intermediate areas (shown as arrows). C. Average sizes of chondrocytes,
presented as Median [25% + 75%], are different in superficial zone of cartilage, in microclusters of
middle zone, and between them. D. Average size of chondrocytes in microclusters depends on the
distance to articular surface in inversely proportional manner. The sample image contains about
200 cells in sight (estimation using Image J program).

First, the size and shape of the chondrocytes differed not only in the comparative study the
superficial, middle and deep zones of cartilage. The size of chondrocytes in microclusters is much
larger than the similar one between microclusters. The chondrocytes of the superficial zone, as well
known, characterizing by a more elongated shape, had intermediate size in this list (fig. 1c). Then,
the size of chondrocytes in microclusters was largely depended on their distance from the articular
surface, this dependence was close to inversely proportional (fig. 1d). Finally, the density of the
territorial matrix of the chondrocytes in the structure of microclusters was significantly higher than
the similar one between microclusters.

These differences already suggest the existence of metabolic phenotype heterogeneity for
chondrocytes, including their relation to synthesis, proliferation, and apoptosis.

Table 1 summarizes our findings in respect of these phenotypic traits. For ease of
comparisons, we subdivided the chondrocytes in accordance with their position in the cartilage
into 4 groups: surface area (1), in microclusters (2), between them (3) and in areas of deep zone
near the tidemark (4).
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Table 1: The distribution of phenotypic markers in chondrocytes and territorial matrix
of the rabbit articular cartilage in the concept of its mosaic structure

Location of chondrocytes
Marker Superficial In Between Near
zone microclusters microclusters tidemark
Ki-67 - Very low Very low Moderate
TRAIL Moderate Low Low High
Caspase-3 Low Low Low Moderate
Aggrecan Low High Moderate Low
Lubricin High Very low - -
MMP-9 Moderate Low Moderate Very low
MMP-13 Moderate Low Moderate -
TIMP-1 Low Moderate Low Low
TIMP-3 Very low Moderate Low Low

Besides the obvious marker findings, such as high lubricin expression of almost exclusively in
the superficial zone of the cartilage, and the presence of proliferative potential in the deep zone, we
discover several interesting findings. Pre-apoptotic and apoptotic potentials, estimated balance
TRAIL and caspase-3 have been quite high in the deep zone of cartilage and moderate in the
surface zone. These markers almost never appears in the middle zone’s chondrocytes of native
cartilage. The aggrecan expression was higher in chondrocytes of microclusters, less in
chondrocytes localized between clusters, and it was tending to zero as it approached the surface.
The chondrocytes in microclusters were characterized by a higher expression of TIMP-1 and TIMP-
3, whereas chondrocytes between the microclusters and in surface area were characterized by the
prevalence of MMP-9 and MMP-13 expression and low expression of TIMPs.

The received data specify the number of mechanisms associated with relatively higher ECM
density in microclusters of articular cartilage. They, at least, are in the presence of high synthetic
potential of chondrocytes, their resistance to apoptosis, and in MMP/TIMP balance preventing any
intensive destruction of the matrix.

Bioinformatics approach allows particularly explain structural irregularity of cartilage using a
metabolic map creation. Key bonds between signal molecules and specific synthesis in chondrocyte
is considered a control network for chondrocyte phenotype.

A first control circuit for the control chondrocyte phenotype is a set of signaling molecules
coming from the bloodstream and bone marrow through the underlying bone. In accordance with
the diffusion mechanism of receipt such molecules increasingly act to young cells near the tidemark
and, in a much lesser extent, to the middle zone chondrocytes. Necessary information about intake
of almost all known cytokines and growth factors, as well as a number of hormones and other
regulatory molecules to the cartilage has been found in open access databases.

The second control circuit is in a pool of molecules coming from the synovial fluid. Similar to
the first one, as is clear from the revealed cartilage structure, this pool is able to influence the
chondrocytes of the superficial zone and cells between microclusters in middle zone. Many cytokines
were found in the synovial fluid: more than ten interleukins (IL-1B, IL-6, IL-8, IL-10, IL-17 etc.),
TNF-q, interferon vy, interferon-inducible protein 10, cell-derived factor-1, oncostatin M, monocyte
chemoattractant proteins 1 and 2, and RANTES. Also growth factors such as transforming growth
factors (TGF-a and TGF-B1-3), granulocyte colony-stimulating factor, insulin-like growth factors
(IGF-1 and IGF-2), platelet-derived growth factor (PDGF-BB), vascular endothelial growth factor
(VEGF), connective tissue growth factor (also known as CCN2) were detected in the synovial fluid.
A number of hormones, including leptin, were also identified there. In addition, synovial fluid
contains many products of disintegrating cartilage, and therefore it is possible to discover in it a
variety of glycosaminoglycans, their sulfated fragments, glycoconjugates, polygalacturonase acid,
fibronectin-aggrecan complexes, fractalkine, cartilage oligomeric matrix protein, osteopontin, and
matrix metalloproteases 1, 3, 9, and 13. Collectively, they represent an additional pool of substances
seems to regulate composition and properties of the superficial zone in articular cartilage.

Directly in the middle zone the paracrine and autocrine regulation mechanisms are probably
prevalent particularly stimulating by mechanical loads on articular surface. Such factors can
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include hyaluronic acid and its derivatives, matrix metalloproteinases and their inhibitors, a
number of transcription factors capable of intercellular transfer (for example, Nupri, NF-kB), etc.

The most important of all these regulators and their possible receptor-dependent
involvement in the formation of the chondrocyte phenotype we group in table 2.

Table 2: Proved presence of regulatory molecules in the environments supplying
articular cartilage and their influence on the chondrocyte phenotype

Evidence Impact to processes
of presence in chondrocytes
(e 2]
E 2|5 S 2 | % 5
Regulatory molecule = g5 &g S g = = 2
| 2E |8EE| & | B | 8%
3 Sg |8 &B| & = &b
g, mo |g & < g RS
N Q0 = 5]
Cytokines
Growth regulated oncogene +++ + +++ +
Interferon y 4+ o+ n Tt
Interferon-inducible protein 10 +4++ +4++ + + +44
Interleukin 1qa, 10 + +++ +4+4+ - +4++
Interleukin 6 +++ +++ +++ + + +
Interleukin 8 + +++ + - +++
Interleukin 10 +++ +++ + - + _
Interleukin 17 + +++ +++ - +++
Monocyte chemoattractant protein 1, 2 +++ +++ +++ + +
Oncostatin M 4+ 4+ - N
RANTES + +++ +++ +++
Tumor necrosis factor a +++ +++ F++ +
Growth factors
Connective tissue growth factor +++ +++ +++ +4+
Bone morphogenetic protein 2 + +++ +++ - +++ +
Bone morphogenetic protein 4 - +++ + +++ +
Bone morphogenetic protein 6 - +++ + +++ +
Bone morphogenetic protein 7 - + + F++ +
Granulocyte colony-stimulating factor +++ +++ +++
Growth differentiation factor 5 - +++ +++ +
Insulin-like growth factor 1, 2 +++ +++ +++ 4+
Platelet-derived growth factor +++ +++ +++ +
Transforming growth factor 1-3 +++ +++ +++ - +++ +++
Vascular endothelial growth factor - +++ +++ +
Hormones and other regulatory molecules
Angiotensin 1, 2 - 4+ 4+
Hyaluronic acid +++ - 44 Tt
Leptin + +++ +++ +++
Lipoplysaccharide + + F++ +
Osteopontin + +++ + + +
Prostaglandin E-2 + +++ + F++

Note: Note: the sign ‘+++ indicates the presence of information in multiple sources and
reflects the established view this molecule, ‘+’ denotes a single source on this fact, ‘-’ indicates
evidence of a negative effect. Blank cells indicate absence of information.

Based on these data, a list of genes encoding key proteins for the chondrocyte phenotype was
compiled. Factors connected to strong pro-apoptotic stimuli are not included. With respect to
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future plans to research the possible effectiveness of new scaffolds for tissue engineering in rats,
data about genes of human and rat have been included into table 3.

Table 3: Common characteristics of the genes encoding key proteins involved in the differentiation
and phenotypic expression of articular chondrocytes

Coding Gene Gene ID
protein Human | Rat

Function of coding protein

Encoding chondrocyte receptors

TGF-BR1 tgfbrz 7046 20591 | Reception of relevant molecules from
TGF-BR2 tgfbrz 7048 81810 | transforming growth factor 3 super family.

BMPR-1 bmpria 657 81507 | Reception of bone morphogenetic proteins 2, 4,
BMPR-2 bmpr2 659 140590 | 6,7, and growth differentiation factor 5 (BMP-14)
IGFR-1 igfri 3480 25718 | Reception of insulin-like growth factor

PDGFR-a pdgfra 5156 25267
PDGFR-f pdgfrb 5159 24629

Reception of platelet-derived growth factor

FGFR2 fafr2 2263 25022 | Reception of connective tissue
FGFR3 fafrs 2261 84489 | growth factor (CCN2)
IL-6R ilér 3570 24499 | Reception of interleukin 6
g))égg; g:g:; g’g;g ggzgi Reception of interleukin 8
CDg4 cdq4 960 25406 | Reception of hyaluronic acid
LEPR lepr 3953 24536 | Reception of leptin
Encoding common ECM components
Aggrecan acan 176 58968 | Base proteoglycan of cartilage ECM
Ci[(;lll)aegﬁn col2a1 1280 25412 | Base protein of cartilage ECM
MMP-3 mmp3 4314 171045 | Common matrix metalloproteinases of cartilage
MMP-13 mmp1i3 4322 171052 | involving to its remodeling and ECM degradation
TIMP1 timp1 7076 116510 | The specific inhibitors of matrix
TIMP3 timp3 7078 25358 | metalloproteinases involving to ECM protection
Encoding autocrine and paracrine regulators
Intergin p1 itgb1 3688 24511 | Key protein of cell adhesion in skeletal tissues
Hypoxia . The inducible regulator of cellular metabolism by
inducible hifia 3001 29560 C e
factor 10 activating transcription
Nuclear S 064y | 1009121 Stress-inducible protein involved in gene
protein 1 up 47 08 transcription including MMP-13 expression
Tenascin C e 3371 116640 Extracellular matrix protein, controlling the

spatial and temporal distribution of ECM

The data presented in table, in our opinion, could be used to design DNA probes for mapping
the gene expression in native and altered cartilage, to detail the mechanisms of its formation and
remodeling under the physiological and pathogenic conditions. Secondly, this information is useful
to connect elements of gene therapy to replacement technology of cartilage defects in clinical
practice.

In order to choose the main directions in modification of existing scaffolds for cartilage tissue
engineering, it is necessary to map them to current structure with general organization of the
surrounding cartilage. Ideally, the cartilage, formed at the site of implantation after scaffold
remodeling, should have a similar structure. Figure 2A presents a schematic structure of articular
cartilage, taking into account the presence of zones, distinguished by the morphology of
chondrocytes and ECM, as well as microclusters presence.
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Figure 2. A. Scheme illustrates zonal organization of the articular cartilage with the selection
of microclusters (bordered by red lines). B. Hypothetic model of scaffold for cartilage tissue
engineering based on principles of zonal and mosaic organization of natural articular cartilage.
Explanations are in the text.

Based on these representations, it is not sufficient for bulk of scaffold to have the three-
dimensional porous structure for cell seeding (1), and certain strength to ensure early load on the
articular surface after implantation (2). This part of scaffold should initially contain certain
irregularities look like seal columns the size of about 100-150 microns. They should become the
basis for microcluster formation in the remodeling matter scaffold into cartilage ECM (fig. 2b).

To ensure the specific properties of scaffold surface layer ought to be an important aspect of
scaffold building. In most existing tissue engineering constructions, this task is left to nature, so
that surface lubricants were formed by the active function of the synovial fluid. It seems
appropriate to provide neo-formed articular surface of the lubricating layer with a thickness of
about 50 um in the first few days after implantation. For example, it can be done by applying
hyaluronate gel on the outer scaffold surface.

Structural features of the scaffold deep layer depend on the depth of the defect, they should
provide strong fixation to the underlying bone and, at the same time, the possibility of cell seeding
and diffusion of necessary substances in remodeling area. It is here, in our opinion, should be
placed microspheres containing the required number of growth factors for the successful trigger of
cellular differentiation and providing the necessary chondrocyte phenotype.

Discussion

Thinking about the need to provide adaptability to environmental changes for a certain area
through the formation of irregular structures with conditional repetitive elements is a consequence
of the cellular principle of Life organization and general biological principle of mosaicism. In this
sense, our findings are not inconsistent with recent detailed studies of the articular cartilage,
including the use of computer-conversion and modeling [2, 7, 29].

Microcluster described in our study, should be distinguished from pathological clusters of
chondrocytes in osteoarthritis. These structures are formed with long-term progression of the
disease, they are mainly located in the deep zone of the cartilage, and not surrounded by a dense
ECM [30].

Possible mechanisms for the formation of such clusters from cellular columns, most likely
conclude in the spatial characteristics of molecular signal distribution near tidemark in connection
to the heterogeneity of underlying bone surface. One of the mechanisms leading to the advanced
differentiation of some cellular groups may be earlier deprivation of oxygenation. As the formation
of dense territorial and extraterritorial ECM, the mechanical stimuli, as a result of total
redistribution of mechanical loads from the articular surface, are connected to these mechanisms.
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Such switching and mechanisms of mechanic signal reception have been recently described directly
in the cartilage [29].

Range markers of chondrocyte phenotype, formed in this research, meet the tasks used to
improve and monitor the results of the cartilage tissue engineering. They could change significantly
if, for example, we are talking about the cultivation of chondrocytes on artificial media. The results
of mapping the lubricin, metalloproteinases, their inhibitors, the characteristics of the chondrocyte
receptors, as well as the role of these differences in functioning and remodeling of ECM appeared
very recently [13, 31-33]. In relation to apoptosis of chondrocytes the discussion is still ongoing due
to the ambiguity of the propagation mechanisms of molecular signals in the thickness of the
cartilage [15, 34].

The elaboration of new principles for the scaffold fabrication in cartilage tissue engineering
was practical objective of this research. Articles, where the authors focused on creating scaffolds
with zonal structure for these tasks, only appear in the open access [26, 28, 35], but attempts to
create structures reproducing the horizontal irregularity of ECM, has not yet been undertaken.
This study proves the relevance of this approach in cartilage tissue engineering.

Conclusion

The study suggests that native articular cartilage had a mosaic structure, which was provided
by differences in chondrocyte phenotype. Based on bioinformatics approach and mapping the
actual chondrocyte phenotype in different areas of articular cartilage it is possible to explain this
structural mosaicism. As a result, the intellectual map and database of molecular processes in
chondrocytes have been obtained, seems to be suitable for further investigation of the articular
cartilage remodeling. The hypothetical model of scaffold to satisfy the conditions of mosaic
structure formation in cartilage after substitution of full-layer defects and stimulation of
colonization by cells from the bone marrow, may be a basis for future elaboration of scaffold
technologies.
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AnHoOTanuAa

Ha ocHoBaHuM 6MOMHOOPMAIMOHHOTO IMOUCKA U COIIOCTABJIEHUS C PEeAIbHBIM (heHOTUIIOM
XOH/IPOITUTOB BHIOPAH CIIEKTP OHMOJIOTHYECKH aKTUBHBIX MOJIEKYJI-PETYJISTOPOB U MX PEILENTOPOB,
MMEIOIIUX OTHOIIeHHWEe K (POPMHUPOBAHUI0 MO3AaUYHBIX CTPYKTYP B HEM3MEHEHHOM XPSIle U HX
PEMOJIETUPOBAHUIO IIPU PA3BUTHU SKCIEPUMEHTAJIBHOTO OcTeoapTposa. Kak uTor, IoJydeHa
WHTEJUIeKTyaJIbHasA KapTa MOJIEKYJIAPHBIX IIPOIIECCOB B XOHJPOIUTE, CONpPsKeHHas ¢ 0Oasou
3HAaHUNA 00 OTUX MOJIeKyJaX, IPUTOAHAA JJIs JIAJIbHEHUIIero WCCJIeIOBAaHUsA IIPOIIECCOB
PEMOJIETUPOBAHUA CyCTaBHOTO Xpsmia. IIpeio’keHa THIIOTeTUYECKas Mojeab ckaddosia,
VIOBJIETBOPSIONMIAA  YCJIOBUAM  (OPMHPOBAHUS  MO3AaWYHOH  CTPYKTYpPBI  XpsIlla  IOCJIE
MMIUIAHTAI[UM HA MECTO IOJTHOCJOMHBIX Je(EKTOB XPAIIA B YCJIOBUAX CTUMYJISAIIUU 3acCesIeHUs
KJIETKaMU U3 KOCTHOTO MO3Ta.

KiroueBble cjioBa: CyCTaBHOU XPSII; TKaHeBas WHiKeHepus; ckaddosipl; ocreoapTpos;
MOJIEKYJIIPHOE KapTUPOBAHUE.
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Abstract

Deoiled cakes of Neem and Jatropha served as source of diversified nutrition for
Pseudomonas flourescens when used as substrate for mass culturing of antagonist. The present
investigation were undertaken to test the suitability of neem and Jatropha cakes for liquid
Concentration and longevity of Pseudomonas flourescens in vitro. Increasing the dilution of stock
of initial inoculums resulted in decrease of total viable counts of Pseudomonas flourescens was
comparatively highest population (64.67x105) and (201.67x105) lesser after 15 days than after
7 days of inoculation on Neem and Jatropha cake concentration respectively.

Keywords: Deoiled Neem cake; Jatropha cake concentration; moisture level; Pseudomonas
flourescens.

Introduction

Many agro-industrial bioproducts such as deoiled cakes of tree born oils seeds (TBOs) like
Neem and Jatropha which are either going waste or being used as a less profitable and usable
products since quite long time. The oils extracted from Neem and Jatropha, are either directly used
as bio-fuel or as raw material for industrial inputs in various manufacturing industries like
cosmetics, agrochemicals and pharmaceuticals (Tiwari, et.al. 2007). Deoiled cakes of these trees
remain either unexploited or poorly exploited. These deoiled cakes contains lot of carbohydrates,
proteins, fatty acids, minerals and many more biochemical constituents which are served as source
of nutrition for beneficial micro-organisms (growth promoting and biocontrol agents) in crop
cultivation, Patolia et al. (2007), hence might being exploited as substrate for mass multiplication
of bacterial bio-control agents such as Pseudomonas flourescens. Mass multiplication of
Pseudomonas flourescens on deoiled cakes of these TBOs may be a boon for popularization of bio-
control of plant diseases and thereby for crop cultivation, utilization and popularization of Neem
and Jatropha as well. Mass multiplication of Pseudomonas fluorescens will not only leads to value
added products development from deoiled cakes of Neem and Jatropha; rather it will prevent huge
wastage and misuse of these by-products.

Mass culture available in the market generally shows poor efficacy after application in the
crop field. This is probably due to long duration taken in transportation from manufacturing unit
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to the users (farmers). The mass cultures made at industrial scale are generally talc based, with no
nutritional background to support the life of BCAs during storage, transportation and other stress.
Deoiled cakes of TBOs may serve as source of diversified nutrition for BCAs when used as substrate
for mass culturing of antagonists.

Material and Methods

Collection of soil samples and isolation of biocontrol agent

To isolate the biocontrol agent i.e., Pseudomonas fluorescens from tomato crop rhizosphere,
soil samples were collected from crop research centre (CRC) of university. For isolation, one gm of
soil sample was placed in a 250 ml conical flask containing 100 ml of sterilized distilled water
(SDW) and mixed thoroughly. Different dilutions of working samples were prepared by serially
diluting the stock solution (10-8). 1 ml of last serial dilution i.e., 108 was spread on Pseudomonas
fluorescens Selective king’s B Medium (King’s et.al 1954) for isolation of Pseudomonas fluorescens.
The plates were incubated for 2 days at 37+2°C and after incubation, pure culture was grown;
colour of bacterial colony was initially yellow but turned yellow green as pigmentation were
produced (Bonds 1957).

Composition of Culture media:
Pseudomonas fluorescens (Selective) King’s B Medium (King et, al, 1954)

Composition:

Peptone 20gm

Agar-agar 20gm

Potassium monophosphate 1.5gm

(k2Hpo4)

Magnesium sulphate (Mgso4) 1.5gm

Glycerol 1oml
Distilled water 1000 ml

Preparation:

After mixing all the ingredients with distilled water, media was placed into a stainless steel
pan and steered with glass rod for proper mixing of all the ingredients. Now the medium was
filtered through a muslin cloth by squeezing out whole liquid. 200 ml medium was placed in each
500 ml capacity flasks. Flasks were tightly plugged with non-absorbent cotton plug and wrapped
with butter paper and rubber band. Medium was autoclaved at 1.1 kg/cm? pressure for 20 min at
121.6°C and cooled before pouring into Petri plates.

Maintenance of the culture

The Bacteria initially isolated in a pure culture on King’s B media and sub cultured on PDA
slants were allowed to grow at 28+2°C temperature. The culture thus obtained was stored in
refrigerator at 5°C for further studies and was sub cultured periodically.

Determination of effect of substrate concentration and dilution of inoculums on Population
dynamics of Pseudomonas fluorescens

Initially the Pseudomonas fluorescens cultures were grown in King,s B broth medium at
28 +2°C for 2 days. After 2 days of incubation, a serial dilution of 105, 10, 107 and 108 were
prepared by the method given at above.

Results and Discussion

Present studies entitled “Longevity and Survival of Pseudomonas fluorescens on neem and
jatropha cakes” were conducted under laboratory and pot conditions with the objectives to
determine the suitability of deoiled cakes of Neem and Jatropha for mass multiplication of P
fluorescens in vitro and to determine the longevity of P .fluorescens grown on two deoiled cakes in
the rhizosphere of tomato at the Department of Plant Pathology, S.V.P. University of Agriculture &
Technology, Meerut.

Effect of substrates concentration on population of Pseudomonas fluorescens: Population of
Pseudomonas fluorescens on different concentration of Neem cake extract after 7 days:
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The colony forming unit (CFUs) of Pseudomonas fluorescens showed variation in different
concentration of substrates i.e deoiled Neem cake extract and deoiled Jatropha cake extract after
7 days and 15 days interval as given in table 1, 2, 3 and 4 respectively. It is evident from table-1.1
that with the inoculation of 10-5 dilution of Pseudomonas flourescens stock of initial inoculums,
recovery of Pseudomonas fluorescens CFUs were towards increasing with increasing concentration
of substrate which were 42.33x105, 72.00x105, 80.00%105, 171.67%x105, 193.67x105, and 201.67x105
CFUs of P .fluorescens at 5%, 10%, 15%, 20%, 25% and 30% concentration respectively of Neeem
cake extract after 7 days of inoculation. With the inoculation of 10-°. dilution of P .fluorescens cfus
stock of initial inoculums in the different concentration of Neem cake extract population of
Pseudomonas fluorescens recovered after 7 days of inoculatin also showed increasing trends which
were 39.00%x10°, 63.00x10°%, 70.33%10°, 118.00%10°, 156.00x10° and 184.67x10° at 5%, 10%, 15%,
20%, 25% and 30% concentration respectively of Neem cake extract.

Table 1: Longevity and survivability of Pseudomonas fluorescens in Neem cake
extract of different concentration at various dilution point with different moisture

level for 7 and 15 days
0% 5% 10% 15% 20% 25% 30%
Concentration
Dilution
10° 22.00 | 42.33 72.00 80.00 171.67 193.67 201.67
10° 21.00 | 39.00 63.00 70.33 118.00 156.00 184.67
107 20.00 | 30.67 48.00 54.00 96.33 145.00 175.00
108 19.00 | 23.33 34.33 41.00 76.00 133.67 165.00
CD @ 5% Dilution =1.3523
Concentration= 1.6563
DxC= 3.313
7 Days

With inoculation of 107 dilution of P .fluorescens CFUs stock into different concentration of
Neem cake extract, there was recovery of 30.67x107 48.00%107 54.00%107, 96.33%107, 145.00%107
and 175.00%x107 CFUs at 5%, 10%, 15%, 20%, 25% and 30% concentration respectively of Neem
cake extract after 7 days. With the inoculation at 108 dilution of Pseudomonas fluorescens CFUs
stock, recovery of P. flourescens population recorded were 23.33x10108, 34.33%108, 41.00x108,
76.00%x108, 133.67 x108 and 165.00x108 at 5%, 10%, 15%, 20%, 25% and 30% concentration
respectively of neem cake extract after 7 days of inoculation. It was observed that the level of CFUs,
get increased with increasing in substrates concentration i.e from 5% to 30%. Unless mentioned
otherwise level of CFUs recorded with different dilution of initial inoculums of P.flourescens i.e 105
to 108 and from different concentration of substrate i.e. from 5% to 30% at each 5% interval were
significantly different from each other. In plain PDA (Check) no of cfus were quite less (24, 24, 24
and 23) than the PDA added with different concentration of substrate.

Table 2: Population of Pseudomonas fluorescens after 15 days:

As given in table 1, it was observed that level of P.flourescens population density was
comparatively less after 15 days of inoculation than after 7 days. However rest of the trends of
population dynamics were same as it was observed after 7days. With the inoculation of 105
dilution of Pseudomonas flourescens stock of initial inoculum, recovery of CFUs, were, 27.00x105,
34.67x105, 41.00%105, 45.67 x105, 52.23%x105 and 64.67x105 from 5%, 10%, 15%, 20%, 25% and
30% concentration respectively of Neem cake extract. With inoculation of 10¢ dilution of P
fluorescens stock of initial inoculums, recovery of CFUs, were. 27.00x10°, 21.67x10°, 33.67x10°,
38.00%10°, 44.00x10°, and 56.00x10¢ from 5%, 10%, 15%, 20%, 25% and 30% concentration
respectively of Neem cake extract after 15 days of inoculation.
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0% 5% 10% 15% 20% 25% 30%
Concentration
Dilution
105 20.00 27.00 34.67 41.00 45.67 | 52.33 64.67
10° 18.00 27.00 21.67 33.67 38.00 | 44.00 56.00
107 17.00 27.00 17.00 27.00 32.67 | 38.33 45.67
108 16.00 27.00 16.00 23.00 26.00 | 31.00 42.00
CD @ 5% Dilution = 0.9931
Concentration= 1.2163
DxC= 2.433
15 days

With the inoculation of 107 dilution of P .fluorescens stock of initial inoculums, recovery of
CFUs were, 27.00%107, 17.00X107, 27.00x107, 32.67x107, 38.33%107 and 45.67x107 from 5%, 10%,
15%, 20%, 25% and 30% concentration respectively of neem cake extract after 15 days of
inoculation.

With inoculation of 108 dilution of P .fluorescens stock of initial inoculum recovery of CFUs,
were 27.00x108, 16.00x108, 23.00x108, 26.00x108, 31.00x108 and 42.00x108 from 5%, 10%,
15%, 20%, 25% and 30% concentration respectively of Neem cake extract. Unless mentioned
otherwise level of CFUs recorded with different dilution of initial inoculums of P flourescens i.e
105 to 108 and from different concentration of substrate i.e. from 5% to 30% at each 5% interval
were significantly different from each other except at 5% moisture after where all dilution resulted
in similar level of population density. In check plates the cfus of P flourescens were 15,15,14 and 13
at all four dilutions respectively.

Population of Pseudomonas fluorescens on different concentration on Jatropha cake extract
after 7 days:

Inoculation of 105 dilution of Pseudomonas fluorescens stock of initial inoculum in the
different concentration of Jatropha cake extract it resulted in increasing population density of
Pseudomonas fluorescens with increasing concentration of Jatropha cake extract (Table-3).
Population densities recovered were 74.67x105, 110.33x105, 138.33%105, 166.33x105, 214.67x105
and 245.00x105 CFUs of P .fluorescens from 5%, 10%, 15%, 20%, 25% and 30% concentration
respectively of Jatropha cake extract after 7 days of inoculation.

Table 3: Longevity and survivability of Pseudomonas fluorescens in Jatropha cake
extract of different concentration at various dilution point with different moisture

level for 7 and 15 days
0% 5% 10% 15% 20% 25% 30%
Concentration
Dilution
105 40.00 74.67 110.33 138.33 166.33 214.67 | 245.00
10° 38.00 108.67 123.00 116.33 142.67 | 192.67 213.3
107 34.00 63.00 71.00 92.00 127.00 162.33 194.67
108 30.00 56.67 66.33 88.67 113.67 144.33 183.00
CD @ 5% Dilution = 4.5911
Concentration= 5.6229
DxC= 11.246
7 days

With the inoculation of 10-¢ dilution of P .fluorescens stock of initial inoculum into different
concentrations of Jatropha cake extract there was recovery of 108.67x10°, 123.00x10°, 116.33x10°,
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142.67%10°, 192.67x10° and 213.33xx10% CFUs of P .fluorescens from 5%, 10%, 15%, 20%, 25%
and 30% concentration respectively of Jatropha cake extract after 7 days of inoculation. With
inoculation of 107 dilution of P .fluorescens stock of initial inoculum to different concentration of
Jatropha cake there was recovery of 63.00x107, 71.00x107, 92.00%107, 127.00x107, 162.33%x107 and
194.67x107 CFUs of P .fluorescens from 5%, 10%, 15%, 20%, 25% and 30% concentration
respectively of Jatropha cake extract after 7 days of inoculation.

With inoculation of 108 dilution of P .fluorescens stock of initial inoculum into different
concentration of Jatropha cake extract, there was recovery of 56.67x108, 66.33x108, 88.67x108,
113.67x108, 144.33%108 and 183.00x108 CFUs of P .fluorescens from 5%, 10%, 15%, 20%, 25% and
30% concentration respectively of Jatropha cake extract after 7 days of inoculation. In this case
also the level of population of P .fluorescens get increased with the increasing concentration of
substrates, whereas increasing the dilution of P .fluorescens for inoculation resulted in decreasing
level of population of P .fluorescens. Unless mentioned otherwise level of CFUs recorded with
different dilution of initial inoculums of P.flourescens i.e 105 to 10® and from different
concentration of substrate i.e. from 5% to 30% at each 5% interval, were significantly different from
each other.

Table 4: Population of Pseudomonas fluorescens after 15 days:

As already observed in case of neem cake extract, here also level of P.flourescens population
density was comparatively less after 15 days of inoculation than after 7 days (Table 4). After 15days
of inoculation of a stock dilution of 105 of initial inoculums resulted in increasing number of CFUs
of Pseudomonas fluorescens with increasing concentration of substrates. There was recovery of
31.33%x105, 42.67x105, 52.67x105, 59.00%x105, 73.33x105 and 78.00x105 number of CFUs of
Pseudomonas fluorescens from 5%, 10%, 15%, 20%, 25% and 30% concentration respectively of
Jatropha cake extract after 15 days of inoculation.

0% 5% 10% 15% 20% 25% 30%
Concentration
Dilution
10° 17.00 31.33 42.67 52.67 59.00 73.33 78.00
10 16.00 25.67 21,00 39.00 43.33 52.33 56.00
107 15.00 14.00 17.00 21.00 24.00 28.00 | 34.00
108 14.00 11.00 14.00 19.33 22.00 25.00 | 31.00
CD @ 5% Dilution =1.0600
Concentration= 1.2982
DxC= 2.596

15 days

With inoculation of 10-¢ dilution of P .fluorescens stock of initial inoculum there was recovery
of 25.67x10°, 31.00%10°, 39.00%x10°, 43.33x10° 52.33%x10° and 56.00x10° number of P .fluorescens
CFUs from 5%, 10%, 15%, 20%, 25% and 30% concentration respectively of Jatropha cake extract
after 15 days of inoculation.

With inoculation of 107 dilution of P .fluorescens stock of initial inoculums, there was
recovery of 14.00x107, 17.00x107, 21.00 X107, 24.00%x107, 28.00%107, and 34.00x107, number of
CFUs of P .fluorescens from 5%, 10%, 15%, 20%, 25% and 30% concentration respectively of
Jatropha cake extract after 15 days of inoculation. With the inoculation 108 dilution of P
fluorescens stock of initial inoculums, there was recovery of 11.00x108, 14.00x108, and 19.33x108,
22.00%108, 25.00x108 and 31.00x108 number of CFUs of P .fluorescens from 5%, 10%, 15%, 20%,
25% and 30% concentration respectively of Jatropha cake extract after 15 days of inoculation.
Unless mentioned otherwise level of CFUs recorded with different dilution of initial inoculums of
P.flourescens i.e 105 to 108 and from different concentration of substrate i.e. from 5% to 30% at
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each 5% interval were significantly different from each other. Level of cfus in plain PDA were 15, 15,
14 and 13 with inoculation of different dilution of inoculums of P .fluorescens

Effect of substrates concentration on population of Pseudomonas fluorescens

Colony forming units of Pseudomonas fluorescens showed variation in different
concentration of two substrate i.e. neem cake and Jatropha cake. Total viable count was highest
(245.00) for the Jatropha cake at 30% concentration after 7 days of inoculation. At the similar
concentration of neem cake the total viable count was comparatively less (201.67) after 7 days
JIncreasing in substrate concentration was directly proportional to total viable count of
Pseudomonas fluorescens. Increasing in inoculums dilution was universally proportional to total
viable count of Pseudomonas fluorescens. Total viable count of Pseudomonas fluorescens after
15 days were comparatively quite less at all concentration of two substrates and four dilution of
inoculums than total viable counts of Pseudomonas fluorescens recovered after 7 days. Abhinav et
al. (2011) evaluates PGPR strain of Pseudomonas fluorescens PS1 to formulate carrier based
bioformulations. The viability of Pseudomonas fluorescens PS1 was monitored at different time
intervals during the period of storage at room temperature in different carriers such as soil,
charcoal, sawdust and sawdust-soil. The substrate concentration and therefore medium viscosity
would influence the growth of Pseudomonas fluorescens Solomon (1983) has also reported that
substrate concentration affects the yield of Saccharomyces cerevisiae when grown on an
assimilable carbohydrate such as glucose or sucrose. Possibly richness of potassium, protein and
carbohydrate content in deoiled cakes of neem and jatrofa may be responsible for enhanced growth
of Pseudomonas fluorescens. Murugalakshmi and Sudha (2010) concluded that agricultural
residues rich in carbohydrates can be utilized in fermentation process to produce microbial protein
which in turn can be used to determine the factors influencing cell biomass production
Pseudomonas fluorescens was cultivated using banana peel out, watermelon skin, and Cane
molasses showed that the strain was capable of meeting its components required for growth. The
organism was capable of growth at 28° C, when supplemented with agricultural wastes in different
concentration mixed with agar. The number of colony forming unit were more when compared
with nutrient agar. Thus the present findings are well supported by the findings of these workers.

Conclusion

Increasing the dilution of stock of initial inoculums resulted in decrease of total viable counts
of Pseudomonas flourescens. Population of Pseudomonas flourescens was comparatively lesser
after 15 days than after 7 days of inoculation.

To achieve comparatively higher population dynamics, of Pseudomonas fluorescens, it
should be initially grown in king’sB medium and transferred to a basal medium containing 30%
concentration of either jatropha cake extract or 30% concentration of neem cake extract.
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