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Abstract 
This research concerns the study of antibacterial properties of different aqueous extracts of 

the bark of the pomegranate (Punica granatum L.). Three bacterial strains were used in this test: 
Staphylococcus aureus, Pseudomonas aeruginosa and Salmonella. Very interesting bactericidal 
properties of aqueous extracts of the bark of the pomegranate were found on bacteria. The 
inhibition zones have a very large diameter up to 20 mm and the MIC and MBC are low, of the 
order of 0.78 mg/ml. This work has shown antibacterial activity against three bacteria may 
contribute to the fight against infectious diseases, and possibly offer the possibility of using 
pomegranate peel pharmaceutical and food industries. 

Keywords: Punica granatum L.; bark; antibacterial activity; aqueous extracts; inhibition. 
 
Introduction 
The use of medicinal plants for therapeutic purposes is an ancient practice. The pomegranate 

(Punica granatum L.) has fascinated all civilizations by its beauty and juiciness of the fruit. Used 
empirically in traditional medicines, to treat gastrointestinal diseases and parasitic diseases, 
pomegranate has anti-oxidant properties.  

The bark of the pomegranate fruit is the hard part of the fruit. It is generally used dried in the 
form of brownish pieces. These fragments are leathery consistency. They are formed of 
parenchyma cells with thin walls, in the middle of which there are groups of stone cells and 
vascular bundles. The flavor of pomegranate rind is bitter and astringent. The crust is an 
anthelmintic and astringent and useful in the treatment of diarrhea, dysentery and stomach pains 
[1]. For centuries, bark, leaves, flowers and fruits of Punica granatum L. (Punicaceae), known as 
the grenade name, were used to treat many diseases [2]. Bacterial and fungal infections due to 
multidrug-resistant microorganisms are a major concern for both health problem in developing 
countries where they are the main cause of high mortality rates in industrialized countries where 
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resistance to existing antibiotics grow alarmingly [3]. This situation creates a growing need to find 
new compounds; identifying new sources of antibiotic natural products and the expansion of the 
chemical diversity of antibiotics provide leads for new chemical drugs. Medicinal plants, 
particularly those used traditionally, are a potential source of such compounds. One strategy for 
this research is to explore the plants used in traditional medicine to treat many infectious origin 
pathologies. Capable of colonizing a wide variety of tissue causing, among others, respiratory, 
intestinal, skin or urinary [4]. They have enormous therapeutic potential to cure many infectious 
diseases [5]. Thus, for two decades studies have been conducted on the development of new 
applications and the exploitation of natural properties of essential oils in different areas. The use of 
essential oils is relevant today. As part of our effort to achieve this goal, we evaluated the 
antibacterial activity of the plant used traditional medicine Pomegranate (Punica granatum L.) 
belongs to the family Punicaceae. It is a shrub native to Asia and has been cultivated since ancient 
times throughout the Mediterranean region of Africa and parts of Europe. 

 
Materials and methods 
1. Biological material 
1. 1. Harvesting of grenade and preparation of the powder 
Fresh fruit of the grenade were collected during the month of October 2013 from a grenadier 

field. The barks were cleaned, peeled and dried in the shade for two weeks and then crushed in a 
traditional mortar then they were ground to a fine powder using an electric coffee grinder. 
The powder was stored in clean vials before proceeding with the extraction. 

1. 2. Method of study 
Extraction processes. Three different extracts (chloroform, acetone, ethanol) were 

prepared from the powdered bark of the grenade. 
Chloroform extraction 
A mixture of 100 g of bark powder Punica granatum L. 1Litre with chloroform and placed in 

a Soxhlet apparatus and then the mixture was heated at 70 °C for one hour. After cooling, the 
homogenate was filtered under vacuum on Whatman paper (n°3), then the filtrate was 
concentrated under reduced pressure with a rotary evaporator [6]. 

Acetone extraction 
100 g of the powder was mixed with 1L of distilled water in an Erlenmeyer flask, then the 

mixture was stirred at laboratory temperature (25 °C) for 24 hours [7]. After 24 hours, filtered the 
mixture under vacuum Whatman paper (n°3) and then the filtrate concentrated under reduced 
pressure with a rotary evaporator [6]. 

Ethanol extraction 
For the ethanol extract, 100 g of the powder was mixed with 1L of ethanol and the mixture 

was placed under stirring at room temperature (25 °C) for 24 hours [7]. The mixture was filtered on 
Whatman paper, then the filtrate was concentrated under reduced pressure with a rotary 
evaporator [6]. 

 
2. Microbiological study 
2.1. Study of the antimicrobial activity 
The antimicrobial study consists in determining the antibacterial parameters (MIC) of our 

extracts of pomegranate, for it was used the agar diffusion method [8]. 
2.2. Preparation of inoculum 
The bacterial inoculum. Using a handle previously outbreak then cooled, was taken a 

colony of S. aureus, P. aeruginosa, then were seeded on a nutrient agar slope and incubated the 
tube at 37 ° C for 24 hours. 

2.3. Preparing extracts dilutions 
After their concentration by rotary evaporation the extracts taken a pasty form prior to use 

they were solubilized in DMSO [9, 10] to give a stock solution of 100 mg / ml. From this solution, 
dilutions up to 6.25 % were achieved. 

2. 4. Agar diffusion 
Microbial suspensions were prepared in physiological saline and then the optical densities 

were adjusted from 0.08 to from 0.1 to a wavelength of 600 nm for the bacterial strains. Seeding 
was done by flooding on Petri dishes containing 10 ml of Mueller-Hinton agar in a thickness of 



European Journal of Molecular Biotechnology, 2015, Vol.(7), Is. 1 

6 

 

4 mm [11, 12] then the boxes were left open to dry aseptically [9]. Sterile disks of 06 mm diameter 
were placed on the agar using sterile forceps [13], then pressed to ensure their application then 
they were impregnated with 10 µl of each extract at different concentrations using a micropipette. 

2.5. Antibiotics (control) 
They are discs of 06 mm diameter were placed on the agar with sterile forceps, and then 

pressed to make their application. It has 04 deferent antibiotics (Penicillin P, PG, Streptomycin, 
Netroxolin). 

2.6. Minimum inhibitory concentration (MIC) 
The evaluation of the minimum inhibitory concentration is to determine the lowest 

concentration of an antimicrobial agent required to inhibit any visible culture. It is determined by 
using a dilution series of the antimicrobial agent, added to a series of tubes of a liquid culture 
medium [14, 15]. 
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Extraction and preparation of plants 
A local variety of grenadier, Punica granatum L., was chosen as plant material. Bark fruits 

were dried in ambient air and then reduced in the form of powder. Grenadier extracts were 
extracted in 80 % hot ethanol. After centrifugation, the supernatant was filtered and dried and 
stored in eppendorf at 4°C. The tested extracts were resuspended in dimethyl sulfoxide (DMSO) to 
a final concentration of 100 mg / ml. After dissolving in the water bath, the mixture was 
centrifuged at 3000 RPM for 15 minutes at room temperature. The supernatant was then separated 
and stored at -20°C. And the frozen extracts were thawed at 37°C and diluted to the required 
concentration in the culture medium before each experiment in order to obtain a final 
concentration of 0.1 to 0.2 % DMSO. 

 
Results 
1. 1. Extraction 
The yields of different extracts of Punica granatum bark obtained are: 
- 34,27 g dark brown for the ethanol extract. 
- 29,68 g dark brown for the acetone extract. 
- 26,47 g light brown color to the chloroform extract. 
1. 2 Microbiological study 
Diameters of inhibition zones. The acetone extract exhibited a considerable 

antimicrobial activity against three bacterial strains tested against two other extracts (ethanol and 
chloroform), with diameters of the inhibition zones s 20 mm for Salmonella by a dose of 75 mg, 17 
and 18 mm (S. aureus, P. aeruginosa) 50 mg, respectively. 

 
Table 1: The diameters of the inhibition zones for different antibiotics 

 
Antibiotics 

 
Bacterial 
strains 

Penicillin  P                                                    
 
diameter in 
mm 

Penicillin   G   
 
diameter in 
mm 

Streptomycin 
 
diameter in 
mm 

Nitroxolin 
 
diameter in  
mm 

Salmonella 0 11 13 21 

Staphylococcus 
aureus 

10 14 15 11 

Pseudomonas 
aeruginosa 

12 14 18 12 

 
 

Table 2: The diameters of the inhibition zones for different extracts by a dose of 100 mg 
 

                                           Extracts 
Bacterial strains 

Wells method, mm Disk method, mm 

Staphylococcus                  Acetone  
Aureus                                Ethanol 
                                           Chloroform 

16 13 
12 10 
0 0 

Salmonella                         Acetone 
                                           Ethanol 
                                           Chloroforme 

17 14 
16 15 
5 6 

Pseudomonas                    Acetone 
Aeruginosa                        Ethanol 
                                          Chloroform 

15 10 

15 14 

0 0 
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Table 3: The diameters of the inhibition zones for different extracts 
 

                                        Extracts 
 
Bacterial strains 

Wells method, mm 

Dose of 75 mg  Dose of 50 mg  

Staphylococcus                   Acetone  
Aureus                                 Ethanol 

16 17 
15 16 

Salmonella                          Acetone 
                                               Ethanol 

20 18 
18 15 

Pseudomonas                      Acetone 
Aeruginosa                          Ethanol 

17 18 

16 18 

 
MIC 
In the procedure of the determination of the minimum inhibitory concentration of the 

ethanolic extract of the biological assay was used to graded concentrations of 50,75 and 
100 mg/ml. 

 
Discussions 
1. Extraction 
Extraction processes have resulted in different yields depending on the nature of the 

solvent [7], the method and the conditions under which the extraction was carried out [16]. 
This result could be explained by the difference in solubility of the components of the crude 

extracts which vary depending on the solvent used and the way in which they are prepared. 
Susceptibility testing. In this study, the antibacterial activity was evaluated the ethanol 

extract, acetone and chloroform Punica granatum pericarp of the growth of three strains of 
bacteria (Salmonella, S aureus and P aeruginosa) by the agar diffusion method in measuring the 
diameters of inhibition of bacterial growth areas (Figure 1 - 6). 

 

   
Figure 1. Sensitivity of S. aureus to the different extracts (100 mg) and antibiotics. 

 

 
Figure 2. Sensitivity of Salmonella to the different extracts (100 mg) and antibiotics. 
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Figure 3.  Sensitivity of P. aeroginosa to the different extracts (100 mg) and antibiotics 

 

       
Figure  4. Sensibility of S. aureus to the different extracts (50–75 mg)  
 

                   
Figure  5. Sensibility of Salmonella to the different extracts (50-75mg) 
 

                  
Figure 6. Sensibility of P. aeroginosa to the to the different extracts (50–75 mg) 
 

Subsequently, our choice fell on the ethanol extract, which showed better antimicrobial 
activity. Then we proceeded to the determination of the MIC values of the three strains tested. 

Salmonella strain has shown the most sensitive to the extracts studied with diameters of 
20 mm for the acetone extract, 18 mm for the ethanol extract and 05 mm for the chloformique 
extract. 
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For bacterial strain S. aureus showed a sensitivity screw overlooked the acetone extract with 
a diameter of 17 mm and a diameter of 16 mm for the ethanol extract and for P. aeruginosa, has the 
same sensitivity of 18 mm diameter towards the two extracts (acetone, ethanolic).  

Punica granatum (pomegranate) contains tannins. Tannins are known to precipitate the 
protein and might be involved in the extracts inhibitory mechanism, however, the exact mechanism 
of inhibition is not known [18]. 

The data obtained on the three bacteria are similar to those carried out by Vasconcelos et al. 
[19] and Beckman et al. [17], where the pomegranate extract showed significant inhibition. 
Melendez and Capriles [20] and Senhaji et al. [13] also reported that pomegranate fruit extracts 
have antibacterial activity in vitro against many bacteria tested, including our bacterial strains, 
confirming our results. 

In general, the acetone extract has a high antimicrobial activity, it can be linked to the power 
of acetone to dissolve one or more compounds contained in the homogenate of the pericarp [13]. 
The efficiency of an extract depends on its concentration, the sole of which it arose and strain 
tested [21]. 

 
Results 
The development of drug resistance in human pathogens against commonly used antibiotics 

has necessitated the search for new antimicrobial substances from other sources, including plants 
and microbes [22]. This antibacterial activity may be indicative of the presence of metabolic toxins 
or compounds with broad spectrum antibiotics. This is consistent with previous reports of several 
researchers [1, 23, 24]. Methanol extracts showed a higher degree of antimicrobial activity against 
extracted with acetone. Voravuthikunchai et al. [24] reported that P. granatum contains large 
quantities of tannin (25 %) and the antibacterial activity can be indicative of the presence of certain 
secondary metabolites. The ethanol extract of P. granatum showed antibacterial activity against 
E. coli [24] and S. aureus [23].  

Due to the increasing development of drug resistance and adverse effects caused by existing 
antifungal agents, search for new antimicrobial compounds has been the subject of a number of 
studies [25]. Interest in natural products has increased over the years, and medicinal plants have 
been identified as sources of bioactive compounds. These data support the observations of some 
research such as those of [12, 18, 26–31], demonstrated that pomegranate extract inhibits affects 
tannins, the ability to inhibit the growth of the Candida yeast species due to their action in the cell, 
particularly in the cell membrane, protein precipitation. 
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Abstract 
This article outlines the results on the antimicrobial action of electrochemically activated 

water solutions (anolyte/catholyte), produced in the anode and cathode chamber of the electrolitic 
cell. Under laboratory conditions the cell culture and suspensions of classical swine fever (CSF) 
virus were treated with the anolyte. After inoculating them with cell cultures, the viral presence 
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(the presence of viral antigen) was measured using the immunoperoxidase technique. It was found 
that anolyte did not affect the growth of the cell culture PK-15; viral growth during the infection of 
a cell monolayer with a cell culture virus was affected in the greatest degree by the anolyte in 1:1 
dilution and less in other dilutions; whereas the viral growth at the infection of a cell suspension 
with the CSF virus was affected by the anolyte in dilution 1:1 in the greatest degree, and less by 
other dilutions; viral growth at the infection with a virus in suspension of the cell monolayer was 
affected by the anolyte in all dilutions. Unexpectedly, the stronger biocidal effect of the catholyte 
was observed when a strain of E. coli DH5 was treated by the anolyte and catholyte, respectively. In 
order to provide additional data about the antiviral activity of the electrochemically activated water 
and the distribution of H2O molecules according to the energies of hydrogen bonds, the non-
equilibrium energy spectrum (NES) and differential non-equilibrium energy spectrum (DNES) of 
the anolyte and catholyte were measured. 

Keywords: anolyte; catholyte; E. coli DH5; CSF virus; NES; DNES. 
 
Introduction 
The phenomenon of electrochemical activation of water (EAW) is a set of electrochemical and 

electrical processes occur in water in the electric double layer (EDL) type of electrodes (anode and 
cathode) with non-equilibrium electric charge transfer through EDL by electrons under the 
intensive dispersion in water the gaseous products of electrochemical reactions [1]. In 1985 EAW 
was officially recognized as a new class of physical and chemical phenomena. 

As a result of the treatment of water by a constant electric current at electric potentials equal 
to or greater than the decomposition potential of water (1,25 V), water goes into a metastable state, 
accompanied by electrochemical processes and characterized by the abnormal activity levels of 
electrons, the redox potential, and other physical-chemical parameters (pH, Eh, ORP) [2].  

The main stage of electrochemical treatment of water is the electrolysis of water or aqueous 
solutions with low mineralization as aqueous solutions of 0,5–1,0 % sodium chloride (NaCl) [3], 
which occurs in the electrolysis cell, consisting of the cathode and the anode separated by a special 
semipermeable membrane (diaphragm) which separates water to alkaline fraction – the catholyte 
and acidic fraction – the anolyte (Figure 1). When the passing of electric current through water, the 
flow of electrons from cathode as well as the removal of electrons from water at the anode, is 
accompanied by series of redox reactions on the surface of the cathode and anode [4]. As the result, 
new elements are being formed, the system of intermolecular interactions, as well as the 
composition of water and the water structure are changed [5, 6]. 

 
Figure 1. The diaphragm electrolysis method for the preparation of acid (anolyte) and alkali 

(catholyte) solutions via the electrochemical activation of sodium chloride 
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The products of electrode reactions are the neutralized aqueous admixtures, gaseous 
hydrogen and oxygen generated during the electrolytic destruction of H2O molecules, metal cations 
(Al3+, Fe2+, Fe3+) in the case of metal anodes made of aluminum and steel, the molecular chlorine. 
Wherein at the cathode is generated the gaseous hydrogen, and at the anode – oxygen. Water also 
containes a certain amount of hydronium ions (Н3О+) depolarizing at the cathode with formation 
of the atomic hydrogen: 

Н3О+ + е- → Н + Н2О,                 (1) 
In an alkaline environment there occurs the disruption of Н2О molecules, accompanied by 

formation of the atomic hydrogen and hydroxide ion (OH-): 
Н2О + е- → Н + ОН-,                   (2) 

The reactive hydrogen atoms are adsorbed on the surfaces of the cathode, and after 
recombination are formed the molecular hydrogen H2, released in the gaseous form: 

Н + Н → Н2,                                  (3) 
At the same time at the anode is released the atomic oxygen. In an acidic environment, this 

process is accompanied by the destruction of H2O molecules:  
2Н2О – 4е- → О2 + 4Н+,            (4) 

In an alkaline environment, the source of oxygen source is OH- ions, moving under the 
electrophoresis from the cathode to the anode: 

4ОН- → О2 + 2Н2О + 4е-,         (5) 
The normal redox potentials of these reactions compiles +1,23 V and +0,403 V, respectively, 

but the process takes place in certain conditions of electric overload. 
The cathodes are made of metals that require high electrical voltage (lead, cadmium), allow 

to generate the reactive free radicals as Cl*, O*, OH*, HO2*, which react chemically with other 
radicals and ions. 

In bulk oxidative processes a special role plays products of electrolysis of water – oxygen 
(O2), hydrogen peroxide (Н2О) and hydrochlorine acid (HClO). During the electrolysis, an 
extremely reactive compound formed – Н2О2, the formation of which occurs due to the hydroxyl 
radicals (OH*), which are the products of the discharge of hydroxyl ions (OH-) at the anode: 

2ОН- → 2OH* → Н2О2 + 2е-,     (6) 
where ОН* – the hydroxyl radical. 
The chlorine-anion is transformed to Cl2:  

2Cl- → Cl2 + 2e-,                             (7) 
Gaseous Cl2 forms highly active oxidants: Cl2O; ClO2; ClO-; HClO; Cl*; HO2

*. The parameters 
of pH, the redox potential, ORP and the electrical conductivity of the anolyte/catholyte depend on 
different factors including the ratio of water volumes in the two electric chambers, the material of 
electrodes, NaCl concentration, the temperature, electric voltage and processing time [7,8]. 

The electrolysis cell can be regarded as a generator of the above mentioned products, some of 
them, entering into the chemical interaction with each other and water impurities in the 
interelectrode space, providing additional chemical treatment of water (electrophoresis, 
electroflotation, electrocoagulation) [9]. These secondary processes do not occur on the electrode 
surface, but in the bulk water. Therefore, in contrast to the electrode processes they are indicated 
as the volume processes. They generally are initiated with increasing the temperature of water 
during the electrolysis process and with increasing the pH value. 

As a result of the cathode (catholyte) treatment water becomes alkaline: its ORP decreases, 
the surface tension is reduced, decreasing the amount of dissolved oxygen in water, increases the 
concentration of hydrogen, hydroxyl ions (OH-), decreases the conductivity of water, changes the 
structure of hydration shells of ions [10]. By external characteristics the catholyte – is a soft, light, 
with an alkaline taste liquid, sometimes with white sediment; its pH = 10–11, ORP = -200…-800 
mV. 

On physical and chemical parameters the catholyte has the significantly enhanced electron-
donating properties, and getting into the physiological fluids of an organism can enhance the 
electron-background for a few tens of millivolts [11]. The catholyte reportedly has antioxidant, 
immunostimulating, detoxifying properties, normalizing ORP, metabolic processes (increases the 
ATP synthesis, modification of enzyme activity), stimulates the regeneration of tissues, increases 
the DNA synthesis and stimulates the growth and division of cells by increasing the mass transfer 
of ions and molecules across the cell membrane, improves trophic processes in tissues and blood 
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circulation [12]. It was also reported that catholyte with the redox potential at -700…-100 mV 
favorizes the development of anaerobs, whereas the anolyte with the redox potential at 
+200…+750 mV supports the growth of aerobs [13]. The antibacterial effect of the catholite is 
differentiated: the bactericidal effect is appeared relative to Enterobacteriaceae, resistant to it are 
enterococci and the group of streptococci B, and against Gram-negative microorganisms – only the 
bacteriostatic effect [14]. 

The electrochemically activated solutions of the catholite, depending on the strength of the 
transmitted electric current may be of several types: 

C – alkaline catholyte (pH > 9,0; ORP = -700…-820 mV), the active components – NaOH, 
О2, НО2

-, НО2*, ОН-, ОН*, НО2
-, О2;  

CN – neutral catholyte (pH = 9,o; ORP = -300…-500 mV), the active components – О2, НО2
-, 

НО2*, Н2О2, Н+, ОН-. 
As a result of the anode (anolyte) treatment water becomes acid reaction, the ORP increases 

slightly, the surface tension is slightly reduced, the conductivity increases, the amount of the 
dissolved oxygen and chlorine in water also increases, whereas the amount of hydrogen decreases 
[15]. The anolyte is a brownish, acid, with a characteristic odor and taste the liquid with a pH = 4–5 
and ORP = +500…+1100 mV. The specific anolyte toxicity when being administered in the stomach 
and applying to the skin refers to the class 4 of harmful substances according to the Russian 
Standard GOST 12.1.007-76, with the minimal toxicity within this class. When being inhaled the 
anolyte with oxidants content of 0,02 % and total mineralization 0,25–0,35 % does not irritate the 
respiratory system and mucous membranes of the eyes. When introduced into the organism, the 
anolyte has no immunotoxic action and increased chromosomal aberrations in the bone marrow 
cells and other tissues, and it has no cytogenetic activity. When being heated to 50 0C the 
bactericidal activity of the anolyte is increased by 30–100 % [16]. 

The electrochemically activated solutions of the anolyte are divided into four main types: 
A – acidic anolyte (pH < 5,0; ORP = +800…+1200 mV), the active components – НСlО, Сl2, 

НСl, НО2*; 
AN – neutral anolyte (pH = 6,0; ORP = +600…+900 mV), the active components – НСlО, 

О3, НО-, НО2*; 
ANK – neutral anolyte (pH = 7,7; ORP = +250…+800 mV), the active components – НСlО, 

СlО-, НО2
-, Н2О2, О2, Сl-, НО*; 

ANKD – neutral anolyte (pH = 7,3; ORP = +700…+1100 mV), the active components – 
НСlО, НСlО2, СlО-, СlО2*, НО2*, Н2О2, О2, О3, Сl-, НО-, О*. 

The anolyte has antibacterial, antiviral, antifungal, anti-allergic, anti-inflammatory, 
antiedematous and antipruritic effect, may be cytotoxic and antimetabolite action without harming 
the human tissue cells [17]. The biocide elements in the anolyte are not toxic to somatic cells, as 
represented by oxidants, such as those ones produced by the cells of higher organisms. 

Studies on the virucidal effect of the anolyte are rare and insufficient, basically on the 
possibilities of applying the anolyte in the implementation of effective control of viral diseases in 
humans and animals and especially on particularly dangerous viral infections, as staphylococcal 
Enterotoxin-A [18]. One of them is the classical swine fever (CSF), prevalent in different regions of 
the world and inflicting heavy economic losses. It is caused by enveloped viruses belonging to the 
genus Pestivirus of the family Flaviviridae [19, 20]. The resistance and inactivation of the virus of 
CSF virus is a subject of extensive research. Although it is less resistant to external stresses other 
than non-enveloped viruses, it retains its virulence for a long period of time: in frozen meat and 
organs – from a few months up to one year; in salted meat – up to three years; in dried body fluids 
and excreta – from 7 to 20 days. In rotting organs it dies for a few days and in urine and faeces – 
for approx. 1–2 days. In liquid fertilizer it can withstand 2 weeks at 20 0C, and over 6 weeks at 4 0C. 
Its thermal resistance may vary depending on the strain type, but the inactivation is dependent 
mostly on the medium containing the virus. Although the CSF virus loses its infectivity in cell 
cultures at 60 0C for 10 min, it is able to withstand at least 30 min at t = 68 0C in defibrinated 
blood. It is relatively stable at pH = 5–10, and the dynamic of the inactivating process below pH = 5 
depends on the temperature. 

According to J.A. Sands [21] and U.S. Springthorpe [22], the effective disinfection of viruses 
whose infectivity is associated with the elements of the casing is achieved by disinfectants 
dissolving fats, surfactants, disinfectants or fatty acids, organic solvents (ether and chloroform), 
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detergents, proteases, and common disinfectants. It is believed that 2 % solution of sodium 
hydroxide is most suitable for the disinfection of spaces contaminated with them. It is thought that 
to achieve the effective electrochemical disinfection it is necessary to irreversibly damage the 
RNA [23]. 

Investigations conducted by other authors [24] were carried out with E. coli, using as a 
desinfectant the anolyte with ORP equal or greater than +1100 mV and pH = 5,5, obtained via 
electrolysis of diluted NaCl solution on planktonic cells of a strain of E. coli JM109. It was 
demonstrated that within 5 min of influence all cells were inflated and burst. Also, it was occurred 
a full destruction of proteins, DNA and RNA. Supposedly the anolyte enters the cells provoking 
structural and functional damages on the cell„s membrane and cell„s wall. 

Similar research was performed by S.V. Kumar et al. [25]. They evaluated the inactivation 
efficacy of anolyte of pH = 2,7 and ORP = + 1100 mV on Escherihia coli O157:H7, Salmonela 
enteritidis and Lusteria monocytogenes. As it was demonstrated on five strains of E. coli E06 
(milk), E08 (meat), E10 (meat), E16 (meat) and E22 (calf feces), all patogens were significantly 
reduced (7,0 logCFU/ml) or fully destroied (8,0 logCFU/ml) after 2 to 10 min inactivation by the 
anolyte in the temperature range from 4 0C to 23 0C. Supposedly, the low pH value of the anolyte 
makes sensitive the outer cell„s membrane, thus facilitating HClO to enter the cell and further 
destroy it. 

However, it should be noted that the pharmacological studies of electrochemically activated 
solutions of water and their virucidal effects and toxicity have not yet been completely evaluated. 
Therefore, the purpose of this research was to study the antiviral virucidal effect: 1) of the anolyte 
in different dilutions on classical swine fever virus in cell culture and organ suspensions; 2) of the 
anolyte/catholyte on a strain of E. coli DH5a, and 3) to determine how the virocidal effect relates to 
local maximums in NES-spectra of the anolyte and catholyte*.  

 
Material and Methods 
The studies of the antiviral activity of the anolyte were performed at the National Reference 

Laboratory of Classical and African Swine Fever, section “Exotic and Especially Dangerous 
Infections” of the National Diagnostic and Research Veterinary Medical Institute (Sofia, Bulgaria). 
Experiments were conducted with the anolyte obtained by the electrolysis apparatus 
“Wasserionisierer Hybrid PWI 2100” equipped with four titanium electrodes coated with platinum. 
0,3 % solution of chemically pure sodium chloride (NaCl) in distilled water was used for the 
electrolysis. The obtained anolyte had pH = 3,2 and ORP = +1070 mV. The interaction of the 
anolyte with the virus suspension was carried out at a temperature of 22 0C. 

A cell culture of porcine origin sensitive to the CSF virus was used: a continuous cell line was 
PK-15. Contamination of cell cultures was carried out with the standard cell culture test virus 2,3 
(Bulgaria) with a cell titre 107,25 TCID50/ml and organ suspension of internal organs (spleen, 
kidney, lymph node) of wild boar originating from the last outbreak of CSF in Bulgaria in 2009. 
The titer of the established virus in the suspension was 104,75  TCID50 ml. 

To establish the virucidal activity of the anolyte, the inocula prepared for contamination of 
cell culture (cell culture virus) were treated with the following dilutions of the anolyte in sterile 
distilled water: 1:1 (50 %), 1:2 (33,33 %), 1:3 (25 %), 1:4 (20 %). These dilutions were mixed with 
inocula in proportion 1:1 (100 μl of the CSF virus suspension and 100 μl of the appropriate anolyte 
concentration). The time of action was conformed to the period, at which it was methodologically 
necessary to “capture” any viral presence in the cell culture. Upon the infection of a cell monolayer, 
the mixture was removed after the end of the exposure period of 1 h. Upon the infection of a cell 
suspension, the mixture, otherwise, was not removed. 

To establish the virucidal activity of the anolyte on the CSF virus in the suspension, a 
different dilution was used: the inoculum was mixed directly with the concentrated anolyte in 
anolyte-inoculum ratios 1:1; 3:1; 7:1 and 15:1 respectively. Since it is known that the growth of the 
virus does not cause a cytopathic effect, therefore, for demonstration of its presence, 
immunoperoxidase plates dyeing were used. The cells were fixed and the viral antigen was detected 
after binding to a specific antibody labeled with peroxidase. The organs exude 1 cm3 of tissue, 

                                                 
* Such a dependence was established between the local maximum (-0,1387 eV; 8,95 µm) in the NES-
spectrum of the catholyte that suppresses the development of tumor cells (Ignatov & Mosin, 2014). 



European Journal of Molecular Biotechnology, 2015, Vol.(7), Is. 1 

17 

 

which was homogenized in a mortar with 9 ml of the cell culture medium containing antibiotics, in 
order to obtain 10 % of organ suspension. Sterile sand was added to improve the homogenization. 
The samples were kept at room temperature for 1 h, after that they were centrifuged for 15 min at 
2500 g. The supernatant was used to infect the cells. In case of cytotoxic effect, the parallel 
dilutions of the homogenates were prepared in proportions 1:10 and 1:100. From the suspensions 
into multi well (24-well) plates were added 200 μl of the inoculums with coverage of 50–80 %. Cell 
cultures were incubated at t = 37 0C for 1 h in order to “capture” an eventual virus if presented, then 
they were rinsed once with PBS and fresh media were added. Alternatively, the plate was filled 
directly (cell suspension), since the preliminary studies had found that the anolyte did not induce a 
cytotoxic effect. 

The cell cultures were incubated for 72–96 h at t = 37 0C in a CO2 incubator. The procedure 
with preparation of the positive and negative control samples was similar. The positive control 
sample was a reference strain of the CSF virus. The immunoperoxidase technique with using a 
horseradish peroxidase was used for the enzymatic detection of antigen-antibody complexes in cell 
cultures. The fixation of the plates was carried out thermally for ~3 h at t = 80 0C in a desiccator. 
In the processing was used a primary monoclonal antibody C 16, diluted in proportion 1:50, and 
secondary antibody RAMPO, diluted in proportion 1:50. For the immunoperoxidase staining was 
used 3 % H2O2 and AEC (dimethylformamide and 3-amino-9-ethylcarbazole) in acetate buffer. The 
antibody-antigen complex was visualized by the peroxidase reaction with the substrate. 

A polymerase chain reaction (PCR) to amplify the segments of the RNA was carried out in 
real time scale. The cell culture and organ suspensions were examined for the presence of the CSF 
viral genome by the PCR in real time (real-time RT-PCR, one step, TagMan), one-step according to 
Protocol of the Reference Laboratory for CSF of EU. For RNA extraction was used the test QIAamp 
Vital RNA Mini Kit, Qiagen Hilden (Germany). The initial volume of the biological material was 
140 μl, and the elution volume – 60 μl. 

For amplification of PCR was used the test Qiagen OneStep RT-PCR Kit in a total volume of 
25 μl, and template volume of 5 μl. In the PCR were used primers A 11 and A14, and probe TaqMan 
Probe–FAM–Tamra. 

PCR studies were carried out with a thermo cycler machine “Applied Biosystems 7300 Real 
Time PCR System” with the temperature control for reverse transcription at t = 50 0C – 30:00 min, 
inactivation of reverse transcriptase and activation of Taq at t = 95 0C – 15:00 min, denaturation at 
t = 95 0C – 00:10 min, extension at t = 60 0C – 00:30 min for 40 cycles. 

The second study on the antimicrobial activity of the anolyte/catholyte was performed at the 
Institute of Molecular Biology of the Bulgarian Academy of Sciences (BAS). The two 
electrochemical solutions were prepared with using the Activator-I, developed at the Institute of 
Information and Communication Technologies at BAS. For this, drinking water without aditional 
quantity of NaCl was used. This led to pH = 3,0 and ORP = +480 mV for the anolyte, and pH = 9,8 
and ORP = -180 mV for the catholyte. 

Bacterial strain used in these experiments was E. coli DH5α with genotype: fhuA2 
lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17. 

The Colony Forming Units (CFU) technique was used in this study to assess cellular viability. 
The conditions for the bacterial cultures growth were as described in our previous paper [26]. The 
bacterial cells were cultivated on the LB-medium (pH = 7,5) with 1 % bactotryptone; 0,5 % yeast 
extract; 1,0 % NaCl at t = 37 0C. After overnight cultivation of bacteria 100 µl samples of culture 
liquids were taken, centrifuged for 1 min at 10000 g and the pellet of bacterial cells was 
resuspended in 100 µl of the anolyte or the catholyte. As control samples were used the bacterial 
samples, re-suspended in non-electroactivated water. Different dilutions of cells were spread on 
LB-agar Petri plates. After the overnight incubation at t = 7 0C the appeared bacterial colonies were 
counted. The viable cells were calculated as a percentage from the CFU. The CFU obtained from 
culture liguids treated with non-electrochemically activated water were accepted as 100 %. 

The NES method was used for the estimation of energy of hydrogen bonds of the anolyte, 
catholyte and deionized water in order to make a supposition about the spectrum characteristics. 
The device measures the angle of evaporation of water drops from 72 0 to 0 0. As the main 
estimation criterion was used the average energy (∆EH...O) of hydrogen O...H-bonds between 
individual H2O molecules in water‟s samples. The NES-spectrum of water was measured in the 
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range of energy of hydrogen bonds 0,08–0,387 eV or  = 8,9–13,8 µm with using a specially 
designed computer program.  

 
Results and Discussion 
Research into the effects of electro-activated aqueous NaCl (anolyte) on the 

CSF virus 
As shown in Figure 2 the cytoplasm of cells infected by the CSF virus was stained in the dark 

reddish brown color (positive reaction), whereas in the uninfected cells it was colorless. That 
indicates on the presence of viral antigen in the samples. 

 

 
Figure. 2. The established presence of viral antigen in cell cultures (left)  

and a negative control (right) 
 

Table 1 summarizes the results of different experiments of the virucidal action of the anolyte 
on the cell culture suspension of the CSF virus upon infecting cell monolayer PK-15. As is shown in 
Table 1, upon treatment of the viral inoculum with the anolyte in a 1:1 dilution, there was no viral 
growth in the four infected wells of the plate, upon 1:2 dilution there was no growth in two of the 
wells, the other two were reported as positive. Upon treatment with the anolyte at dilutions 1:3 and 
1:4, the result was identical: no growth in one of the contaminated wells of the plate, and poor 
growth – in the other three. The results obtained by infection of CSF virus a cell monolayer and cell 
suspension were identical. 

Table 2 summarizes the results of studies aimed at the evaluation of the virucidal effect of the 
anolyte on organ suspension containing CSF virus upon infecting a cell monolayer PK-15 with the 
virus. According to the data, upon treatment of the CSF viral inoculum (organ suspension) with the 
anolyte in all dilutions, there was no viral growth in the four infected wells of the plate.  

 
Table 1: The virucidal action of the anolyte on cell culture suspensions of the CSF virus upon 

infecting cell monolayer PK-15 
 

Contamination 
of CC with: 

Dilutions of 
anolyte (100 µl) 

Total volume 
of the 
inoculum 
(µl) 

Concentration 
of anolyte in % 

Number 
of wells: 

Result: 
positive/ 
negative: 

Virus 200 µl – 200  – 4 4/0 
Virus 100 µl 1:1  200    25 4 0/4 
Virus 100 µl 1:2  200    16,51 4 2/2 
Virus 100 µl 1:3  200    12.5 4 3/1 
Virus 100 µl 1:4  200    10 4 3/1 

 
 
 
 
 
 
 
 



European Journal of Molecular Biotechnology, 2015, Vol.(7), Is. 1 

19 

 

Table 2: The virucidal action of the anolyte on organ suspensions containing CSF virus upon 
infecting cell monolayer PK-15 

 
Contamination 

of CC with: 
Dilutions 
of anolyte 
(100 µl) 

Total volume 
of the 

inoculum (µl) 

Concentration 
of anolyte in % 

Number 
of wells: 

Result: 
positive/ negative: 

Virus 200 µl – 200  – 4 4/0 
Virus 100 µl 1:1  200  50 4 0/4 
Virus 50 µl 3:1  200  75 4 0/4 
Virus 25 µl 7:1  200  87 4 0/4 

Virus 12,5 µl 15:1  200  94 4 0/4 
 

Evidently, the anolyte has a destructive influence on the envelope of the CSF virus, wherein 
the main antigens (proteins) are localized. Studies of the viral inocula used in the tests by means of 
polymerase chain reaction (PCR) in real time demonstrated the presence of a genome (RNA) in 
them, also after the treatment with the anolyte. Some shortening of the time was proved (the 
decreased number of amplification cycles), required for the formation of a fluorescent signal, 
respectively, a positive reaction for a genome, closely correlated with the exposure under the 
treatment of the viral inocula. The longer the exposure of processing with the anolyte, the sooner 
the presence of the viral RNA in the PCR was detected. According to one of our co-authors (Stoil 
Karadzhov), this may serve as an indirect indication that anolyte destroys the CSF virus envelope, 
which, in its turn, facilitates the extraction of viral RNA and its more rapid reading by the 
fluorescent signal. However, there is still no sufficient convincing evidence on the impact of 
different concentrations of the anolyte on CSF viral particles. The analogous experiments carried 
out by Russian and German researchers were carried out mainly with the concentrated anolyte. 
The maximum virucidal effect detected in those experiments confirmed a strong virucidal action of 
the electrochemically activated aqueous solution of NaCl on the CSF virus. The difference in the 
results evidently is due to the use of lower concentrations of NaCl in our experiments. 
We attributed essential significance to the fact that we determined the concentration limit (25 %) of 
the well demonstrated by the virucidal activity. In this aspect the further studies on reducing the 
time of the virucidal action, and the conducting of experiments in the presence of biofilms which 
protect viruses would be promising.  

 
Research into the antibacterial effects of the anolyte and catholyte on a strain 

of E. coli 
In order to assess the effect, if any, of the electrochemically activated water solutions 

(catholyte/anolyte) on bacterial cells we treated the cultures of a strain of E. coli DH5a by the 
catholyte. After the treatment of bacterial cells the colonies appearing on the plates with 2 % agar 
were obtained, produced by survived cells, which were further counted by the CFU method. 
Therefore, the number of colonies was presented on Figure 3 as a percentage of viable cells. It can 
be seen from Figure 3 that bacterial cells of E. coli DH5a treated with the catholyte hardly survived 
the treatment with only approximately 15 % of the cells being survived. This clearly shows that the 
electrochemically activated water produced from the cathode possesses a strong bacteriocidal 
activity on the strain of E. coli DH5a.  

Notably, the anolyte also showed slight antibacterial effect. Thus, approximately, 73 % of the 
bacterial cells of E. coli DH5a survived the electrochemical treatment with the anolyte. In 
summary, it is assumed that both types of the electrochemically activated water solutions 
(catholite/anolyte) possess antibacterial effect on the strain of E. coli DH5a, however it is obvious 
that the catholyte has a stronger bacteriocide effect than the anolyte.   
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                                                            Control         Catholyte             Anolyte         

Figure 3. Percentage of viable cells of E. coli DH5a after the electrochemical treatment with the 
catholyte and anolyte relative to the non-electrochemically activated water. 

 
 

 
 

Figure 4. The dependence between the acidity and basicity (pH)  
of electrochemically activated solution of NaCl and the oxidation-reduction potential (ORP)  

on the biosphere of microorganisms. 
 

Figure 4 shows the dependence between the acidity and basicity (pH) of electrochemically 
activated solution of NaCl and the oxidation-reduction potential (ORP). The pH value within the 
interval from 3 to 10 units and the ORP within the interval from -400 mV to +900 mV characterize 
the area of the biosphere of microorganisms. Outside these ranges of pH and ORP the 
microorganisms will hardly survive. The disinfecting effect in this case is strengthened by the 
residual chlorine in electrochemically activated solution of NaCl, destructing unsaturated fatty 
acids, phospholipids and protein in the cell membrane. 

 
NES and DNES methods in spectral analysis of the anolyte and catholyte  
Other method for obtaining useful information about the structural changes in water and the 

average energy of hydrogen bonds is the measuring of the energy spectrum of the water state. 
It was established experimentally that at evaporation of water droplet the contact angle θ decreases 
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discretely to zero, whereas the diameter of the droplet changes insignificantly [27]. By measuring 
this angle within a regular time intervals a functional dependence f(θ) can be determined, which is 
designated as “the spectrum of the water state” (SWS) [28]. For practical purposes by registering 
the SWS it is possible to obtain information about the averaged energy of hydrogen bonds in an 
aqueous sample. For this purpose the model of W. Luck was used, which consider water as an 
associated liquid, consisted of О–Н…О–Н groups [29]. The major part of these groups is 
designated by the energy of hydrogen bonds (-E), while the others are free (E = 0). The energy 
distribution function f(E) is measured in electron-volts (eV-1) and may be varied under the 
influence of various external factors on water as temperature and pressure. 

For calculation of the function f(E) experimental dependence between the water surface 
tension measured by the wetting angle (θ) and the energy of hydrogen bonds (E) is established: 

 
f(E) = bf(θ) / [1 – (1 + bE)2]1/2,                     (8) 
 
where b = 14,33 eV-1; θ = arcos(1 – bE)      

    
The energy of hydrogen bonds (Е) measured in electron-volts (eV) is designated by the 

spectrum of energy distribution. This spectrum is characterized by non-equilibrium process of 
water droplets evaporation, thus the term “non-equilibrium energy spectrum of water” (NES) is 
applied. 

The difference ∆f(E) = f (samples of water) – f (control sample of water) – is designated as 
the “differential non-equilibrium energy spectrum of water” (DNES) [30]. 

The DNES-spectrum measured in milielectron volts (0,001 eV) is a measure of changes in the 
structure of water as a result of external factors. Figure 5 shows the characteristic NES-spectrum of 
deionized water made from 25 independence measurements performed in a period of one year.  

 

 
Figure 5. NES-spectrum of deionized water (chemical purity – 99,99 %; pH – 6,5–7,5; total 

mineralization – 200 mg/l; electric conductivity – 10 S/cm). The horizontal axis shows the energy 
of the H...O hydrogen bonds in the associates – E (eV). The vertical axis – energy distribution 

function – f (eV-1). k – the vibration frequency of the H–O–H atoms (cm-1); λ – wavelength (m) 
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The average energy (∆EH... O) of hydrogen Н…O-bonds among individual molecules H2O was 
calculated for the catholyte and analyte by NES- and DNES-methods. We studied the distribution 
of local maximums in catholyte and anolyte solutions. The local maximum for catholyte in the 
NES-spectrum was detected at -0,1285 eV, for anolyte – at -0,1227 eV, and for the control sample of 
deionized water – at -0,1245 eV. The calculations of ∆EH...O for the catholyte with using the DNES 
method compiles (-0,004±0,0011 eV) and for anolyte (+1,8±0,0011 eV). These results suggest the 
restructuring of ∆EH... O values among individual H2O molecules with a statistically reliable increase 
of local maximums in DNES-spectra of the catholyte and anolyte (Table 3).  

For the catholyte the biggest local maximum was detected at -0,1387 eV, or at 8,95 μm. 
In 1992 A. Antonov performed experiments with the impact of different types of water on tumor 
mice cells. It was detected a decrease in the NES-spectrum compared with the control sample of 
cells from healthy mice. There was also a decrease of the local maximum at -0,1387 eV, or 8,95 μm 
in DNES-spectra. Notably, the local maximum at 8,95 μm was detected with the negative value. 
It should be noted that for the catholyte the local maximum in the DNES-spectrum was detected 
with the positive value at +133,3 еV-1. 

For the catholyte the biggest local maximum in the DNES-spectrum was detected at -0,1312 
eV, or 9,45 μm. It should be noted that for the treatment of influenza in medical drugs is included 
Al(OH)3 [31]. The local maximum in this case was measured at -0,1326 eV, or at 9,35 μm.  

The evaluation of the possible number of hydrogen bonds as percent of H2O molecules with 
different values of distribution of energies is presented in Table 4. These distributions are basically 
connected with the restructuring of H2O molecules with the same energies. This serves as the base 
for evaluating the mathematical model explaining the behavior of the anolyte and catholyte 
regarding the distribution of H2O molecules to the energies of hydrogen bonds [32].  

 
Table 3: Local maximums of catholite and anolyte solutions in NES- and DNES-spectra 
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0,0937 0 0 0 0 0 0,1187 0 66,7 66,7 -66,7 
0,0962 0 0 0 0 0 0,1212 66,7 0 0 66,7 
0,0987 0 0 0 0 0 0,1237 0 0 0 0 
0,1012 66,7 66,7 33,3 33,4 33,4 0,1262 0 0 66,7 -66,7 
0,1037 0 0 33,3 -33,3 -33,3 0,1287 0 0 66,7 -66,7 
0,1062 0 0 0 0 0 0,1312 33,3 100 33,3 0 
0,1087 0 0 0 0 0 0,1337 33,3 33,3 33,3 0 
0,1112 0 0 0 0 0 0,1362 0 0 0 0 
0,1137 0 66,7 66,7 -66,7 0 0,1387 200 66,7 66,7 133,3 
0,1162 0 0 0 0 0 – – – – – 

 
 

Table 4: Energy distribution of catholyte and anolyte solutions  
in electrochemical activation of sodium chloride 

 
-Е(eV) 
x-axis 

Catholyte                    
y-axis, % 
(-Evalue)/ 

(-Etotal value) 

Anolyte 
y-axis, % 
(-Evalue)/ 

(-Etotal value) 

-Е(eV)       
x-axis, % 
(-Evalue)/ 

(-Etotal value) 

Catholyte        
y-axis, % 
(-Evalue)/ 

(-Etotal value) 

Anolyte 
y-axis, % 
(-Evalue)/ 

(-Etotal value) 
0,0937 0 0 0,1187 0 16,7 
0,0962 0 0 0,1212 16,7 0 
0,0987 0 0 0,1237 0 0 
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0,1012 16,7 16,7 0,1262 0 0 
0,1037 0 0 0,1287 0 0 
0,1062 0 0 0,1312 8,4 24,8 
0,1087 0 0 0,1337 8,4 8,4 
0,1112 0 0 0,1362 0 0 
0,1137 0 16,7 0,1387 49,8 16,7 
0,1162 0 0 – – – 
 

Conclusions  
The experimental results prove the strong influence of different types of electrochemically 

activated water solutions (catholyte/anolyte) on various microbes and viruses. They are in 
accordance with the results obtained by other researchers, and demonstrate the strong biocidal 
effect of the anolyte toward the CSF virus. Also, the interesting results on the antibacterial effect 
were obtained when a strain of E. coli DH5a was treated with the catholyte and anolyte, 
respectively. Unexpectidely, the catholyte with ORP ≈ -180 mV and pH = 9,8 demonstrated the 
better biocidal effect than the anolyte with ORP ≈ +500 and pH = 3,9. We tried to relate the 
antimicrobial and antiviral action of electrochemically activated water with the characteristics of 
the NES-spectrum. There is an indication about such a connection but more thorough research is 
needed to prove it. For example, the inverse biocidal effect between the catholyte and anolyte in 
case of a strain of E. coli DH5a requires a clear explanation.   

The results of the research are formulated as follows.  
1. The anolyte did not affect the growth of the cell culture PK-15; 
2. The anolyte administered at a concentration of 25 %, exerts a strong virucidal effect on a 

cell culture virus, and a weaker antiviral activity at concentrations of 16,51 %, 12,5 % and 10 %; 
3. The anolyte exerted a strong virucidal effect at concentrations of 50 %, 75 %, 87 % and 

94 % over the CSF virus in cell culture suspensions; 
4. The catholyte supresses the growth of E. coli up to 85 % while anolyte is at least three 

times less effective; 
5. The local maximum in the DNES-spectrum of the catholyte was detected at 9,85 μm; there 

was a decrease of this local maximum in water with mice tumor cells; 
6. The local maximum in the DNES-spectrum of the anolyte was detected at 9,45 μm; at 

9,35 μm occurred the effect of inflammation from virus of influenza; 
7. The mathematical model of the catholyte and anolyte regarding the distribution of H2O 

molecules to the energies of hydrogen bonds was evaluated. 
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Аннотация. В статье описываются результаты антимикробного действия 
электрохимически активированных водных растворов (анолит/католит), полученных в 
анодной и катодной камере электролитической ячейки. В лабораторных условиях культура 
клеток суспензии вируса свиного гриппа была обработана анолитом. После прививки их с 
культурами клеток присутствие вируса (наличие вирусного антигена) было измерено с 
использованием иммунопероксидазного метода. Было обнаружено, что анолит не влияет на 
рост культуры клеток РК-15; вирусной рост при заражении клеточного монослоя замедлялся 
вирусом в наибольшей степени при разведении анолита в пропорции 1:1 и менее в других 
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разведениях; в то время как вирусный рост при инфекции клеточной суспензии с вирусом 
замедлялся анолита в наибольшей степени в разведении 1:1, и менее в других разведениях; 
вирусный рост при инфекции вирусом суспензии клеток монослоя зависел от присутствия 
анолита во всех разведениях. Неожиданно сильный биоцидный эффект католита 
наблюдался при обработке штамма E. coli DH5 анолитом и католитом соответственно. 
Для получения дополнительных данных о противовирусной активности 
электроактивированных растворов воды, а также о структурных изменениях, были 
измерены неравновесный энергетический спектр (НЭС) и дифференциальный 
неравновесный энергетический спектр (ДНЭС) анолита и католита. 

Ключевые слова: анолит; католит; E. coli DH5; вирус свиного гриппа; НЭС; ДНЭС. 
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Abstract 
In this study gene expression for DGAT1 gene was analyzed. Diacylglycerol acyltransferases 

(DGATs) catalyze the final step of the triacylglycerol (TAG) biosynthesis of the Kennedy pathway. 
Two major gene families have been shown to encode DGATs, DGAT1 (type-1) and DGAT2 (type-2). 
Gene expression were analyzed for 10 Olive cultivars (Olea europaea L.) (Khaderi, Qaysi, 
Manzenillo, Baashiqi, Arabqween, Nabali, Labeeb, Dahkan, Shami and Sorani). Different plant 
organs as plant materials (mature leaves, mesocarp and seeds for drups) used for analysis. 
Two methods for analysis gene expression were used, first method was called semi – quantitative  
and second method was called relative – quantitative, used in relative method (Real time PCR and 
Actine gene as Housekeeping gene). On the other hand chemical analysis was used on fruits like 
moisture % and oil % of dry and fresh weigh. The results revealed the following: DGAT1 gene 
expression in leaves, mesocarp and seeds by two methods (semi- quantitative and relative quantity) 
were the convergent results and clear, also if this results compared with chemical analysis shows 
that the best cultivars were Arabqween, Khaderi, Qaysi and Labeeb. The cultivars Shami and 
Khaderi then were contain in fruits desirable qualities of olive oil, low moisture and high oil 
percentages ratios. While Nabali, Manzanello, and Sorani cultivars middle desirable quantity, and 
Baashiqi and Dahkan cultivars had undesirable because of low oil quantity and high moisture in 
contain fruits. Some cultivars have low intensity in semi- quantitative and little fold in relative 
quantity but it have high oil in contain fruits that may be indicate that these cultivars were 
complete gene expression and begin to accumulation and save oil in tissue. Therefore particular 
emphasis was given to the temporal regulation of olive DGATs during drupe development. In olive 
fruit, TAGs are formed and stored in both the mesocarp and the seed .Two drupe compartments 
that have different physiological functions and roles and also display difference in the mode of TAG 
accumulation. DGATI share an overlapping expression pattern after 28 WAF, suggesting that they 
probably function at those stages. However, following maximal mRNA levels at 22 WAF, DGAT1 
transcription declined substantially. 

Keywords: olive; DGAT1; diacylglycerol acyltransferases; gene expression. 
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Introduction 
The olive tree (Olea europaea L.) is an evergreen species that ranks sixth in the world's 

production of vegetable oils [1]. Since ancient times it has been cultivated in the Mediterranean 
Basin, where ~2600 cultivars have been identified based on morphological traits [2]. In more 
recent years, interest in olive oil production has been extended to countries outside the 
Mediterranean region such as Argentina, the USA, Mexico, South Africa, western Africa, Australia, 
Azerbaijan, China and Japan [3, 4]. Olive trees lack dormancy, and are sensitive to low 
temperatures [5]. 

Plant lipids contain polyunsaturated fatty acids, mainly linoleic and α-linolenic acids, which 
play crucial roles in plant metabolism as storage compounds mainly in the form of triacylglycerols 
(TAG), as structural components of membrane lipids, and as precursors of signaling molecules 
involved in plant development and stress response [6,7]. Linoleic acid, together with oleic acid, is a 
major fatty acid in vegetable oils and its content greatly affects the technological properties such as 
their oxidative stability [8] and nutritional characteristics [9]. 

A number of plants accumulate large amounts of triacylglycerols (TAGs) in their seeds as 
storage reserves for germination and seedling development. Key points in the accumulation of 
TAGs are the early events of fatty acid biosynthesis and the last and critical events of TAG [10, 11, 
12, 13]. There are few fruit crops that deposit most of the oil in the mesocarp tissues to attract 
animals for seed dispersal. Among them, olive is of predominant economic importance because its 
oil is ideal for direct consumption. It is therefore of great importance to elucidate the key-points in 
the olive oil biosynthesis pathway and storage. Such knowledge could speed up the breeding 
programs aimed at selecting clones with superior fatty acid composition and is also essential for 
selecting high oil-yielding genotypes more efficiently and rapidly, thus improving decision-making 
processes. Nevertheless, the molecular basis of gene regulation underlying olive oil production is 
far from complete. There is a significant amount of information concerning the regulation of 
several genes involved in fatty acid synthesis and modification [2,14,15], but much less is known 
about the cellular mechanisms governing the transfer of fatty acids into storage TAGs not only in 
olive but generally in plants [16]. 

TAG biosynthesis is principally accomplished by membrane-bound enzymes that operate in 
the endoplasmic reticulum (ER) through the glycerol-3-phosphate or so called Kennedy pathway 
[17, 18]. The first step in the process involves the acylation of glycerol-3-phosphate (GP) at the sn-1 
position to produce lysophosphatidic acid (LPA) by GP acyltransferase (GPAT). LPA is further 
acylated at the sn-2 position by LPA acyltransferase (LPAT) resulting in the formation of 
phosphatidic acid (PA). PA is dephosphorylated to produce diacylglycerol (DAG), which is further 
acylated to produce TAG by diacylglycerol acyltransferase (DGAT), the only enzyme in the pathway 
that is thought to be exclusively committed to TAG synthesis. As much as DGAT catalyses the final 
and most critical step for TAG synthesis, it has been suggested that it may constitute a rate-limiting 
factor in TAG bioassembly in developing seeds [19, 20, 13]. However, TAGs could also be produced 
via the transfer of acyl groups from phospholipids to diacylglycerols, an acyl-CoA-independent 
reaction catalyzed by the enzyme phospholipid: diacylglycerol acyltransferase (PDAT) [21, 22, 23]. 
TAGs are not only produced in seeds or mesocarps. Both TAG accumulation and DGAT activity 
have been reported in several other organs such as flowers, developing siliques, germinating seeds, 
young seedlings, and senescing leaves of Arabidopsis [24, 25], and in stems, flowers, roots, and 
leaves of tobacco [26]. Based on those observations it has been suggested that TAG may also be 
implicated in physiological roles other than as a carbon or energy source [27, 28]. Two major 
unrelated gene families have been shown to encode DGATs, namely DGATI (type-I) and DGAT2 
(type-2) both of which are ER-localized. DGATI genes have been cloned from several plant species, 
including olive [29]. DGAT2 genes have been cloned from diverse eukaryotes, including the 
oleaginous fungus Mortierella ramanniana [30], human [31], and the plant species Arabidopsis 
[30], castor bean [32], and tung tree [16]. A third member of the DGAT family (type-3), highly 
unrelated to the previously reported was identified in peanut that possesses a cytosolic localization 
[33]. Accumulating data suggest that DGAT activity may have a substantial effect on carbon flow 
into seed oil of Brassica napus [34, 35], Arabidopsis thaliana [24, 11], and maize [36]. In an 
attempt to gain the further insight into the role(s) of DGATs in plant lipid biosynthesis the 
expression patterns of DGATl in several other organs/tissues of the olive tree indicated that genes 
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are differentially regulated to fulfill the needs for TAG accumulation at certain points of growth and 
development. 

 
Materials and methods 
Plant Material 
Used the mature leaves (ML), mesocarp fruit (ME) and seeds (S) included emberyo and 

endosperm of 10 olive cultivers (Olea europaea) were: (Khaderi, Qaysi, Manzenillo, Baashiqi, 
Arabqween, Nabali, Labeeb, Dahkan, Shami and Sorani) trees grown in Iraqi orchard near Mosul, 
and chilled in liquid nitrogen, and stored at 80 ̊C. 

 
Total RNA Extraction and cDNA Synthesis 
Total RNA for samples were isolated by uses (SV Total RNA Isolation kit/Promega.USA). 

The quality of RNA was verified by demonstration of intact ribosomal bands following agarose gel 
electrophoresis. DNA was removed from RNA samples using the DNase I Mix/Promega USA 
(DNase I, MnCl2, yellow core buffer). First-strand cDNA was synthesized from (16 µl) of total RNA 
using the (power cDNA Syntheses kit/IntronBio.Inc. USA) with Oligo (dT) 15 primer, following the 
manufacturer's instructions and quantified using gel electrophoresis. 

 
Semi- Quantitative Real Time PCR 
Analysis were carried out by change PCR program respectively with Primer for gene-specific 

(DGAT1) amplification and cDNA Syntheses from 25th to 35th cycle. PCR products were also 
checked for purity by 1 % agarose gel electrophoresis and the following program shows the method. 
 

Cycle Time Tm Stage  
1 5 min 95 Pre - Denaturation 1 

25 45 sec 95 Denaturation 2 
45 sec 55 Annealing 3 
45 sec 72 Extension 4 

1 10 min 72 Final extension 5 
 

Cycle Time Tm Stage  
1 5 min 95 Pre - Denaturation 1 

35 45 sec 95 Denaturation 2 
45 sec 55 Annealing 3 
45 sec 72 Extension 4 

1 10 min 72 Final extension 5 
⃰ Tm (melting temperature) 
 

Quantitative Real Time PCR (qRT -PCR) 
Gene expression analysis was performed by qRT-PCR using an Mini Opticon System real-

time PCR and GO Taq Master Mix SYBR Green kit Q-PCR/ IntronBio.Inc.USA. Primers for gene 
specific amplification were designed to generate a product of 100-200 bp and to have a Tm 
(melting temperature) of 60 ̊C. PCR reactions were carried out in duplicate in plate. Reaction mix 
(22.5 µl per well) contained 12.5 µl, Master Mix SYBR Green, 2.5 µl forward and reverse 
primers,7.5 µl DEPC-D.W and 2.5 µl of cDNA. The thermal cycling conditions consisted of an 
initial denaturation step of 95 ̊C  for 10 min, followed by 40 cycles of 95 ̊C  for 30 s, 60 ̊C for 1 min, 
and 72 ̊C  for 30 s. The specificity of the PCR amplification was monitored by melting curve analysis 
following the final step of the PCR products were also checked for purity by agarose gel 
electrophoresis. The housekeeping olive Actin gene (OeActin) was used to normalize as endogenous 
reference. The real-time PCR data were analyzed by GeneX program. The gene of the olive tree, 
used for the design of primers are available in Gen Bank (www.ncbi.nih.nlm.gov/ Gen 
Bank/EMBL/DDBJ. the primers sequences (DGAT1) for QRT-PCR amplification were two parts 
forward (5-TTGGCTGAATATATTAGCGGAACTTC-3) and reverse                                                                  
(5- CTCATCATAAAAATGTCCACATCC-3) and Actin gene primer were forward                                        
(5-ACCACCTCAGCCGAACGGGA-3) and reverse (5-TGCTGGGAGCCAAGGC AG TG-3). 
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Chemical analysis 
Uses Soxhlet method to determine oil percentage (%) in fresh and dry flesh of 10 olive 

cultivars. 
 
Results 
Figure 1 showed the results of isolated total RNA of the mature leaves (ML) , flesh mesocarp 

fruit (ME) and seeds (S) of the studied olive cultivars manner filters and then migrated to agar gel 
1 %, voltage 100 V for 20 minutes noting the success of the method to isolate RNA from this plant 
parts. 
 
 

Figure (1) represents the isolated total RNA of the mature leaves(ML), mesocarp(MS) and seeds(S) 
of ten olive cultivars on agarose gel (1%) and voltage (100 V) for (20 minutes). M = Marker Leader: 

1 = Khaderi, 2 = Qaysi 3 = Manzenillo, 4 = Baashiqi, 5 = Arabqween, 6 = Nabali, 7 = Labeeb, 
8 = Dahkan, 9 = Shami and 10 = Sorani. 

    
The semi-quantitative measurement of gene expression of the gene DGATl in the mature 

leaves (ML) of cultivars (Figure 2. ML) refers to the emergence of clear on bands and high intensity 
in some cultivars and a few intensity in other cultivars at the 25th cycle of the PCR as shine bands 
cultivars were Labeeb, Shami and Sorani but the cultivars Khaderi, Oaysi, Manzenillo and 
Arabqween were medium intensity bands, either cultivars less intensity were at cultivars Baashiqi, 
Nabali and Dahkan, but when 35th cycle that all cultivars were similar and equal approximately. 
Analysis relative gene expression of the gene DGATl in the mature leaves (ML) of cultivars were 
different then show Nabali variety the highest level gene expression nearly75 fold, but another 
cultivars were equals in gene expression approximately. 

The process of analyzing the cultivars mesocarp (ME) showed clear differences among 
cultivars. Figure 2.ME refer to supremacy Khaderi, Arabqween, Nabali, Shami and Sorani cultivars 
which have clear bands in 25th cycle, but in 35th cycle less cultivars intensity were at cultivars 
Baashiqi and Dahkan if compared with the other cultivars. Notes from the analysis of relative 
amount of the gene DGATl in fruit mesocarp of olive cultivars under study shows that cultivars 
Khaderi and Arabqween had a higher level of expression of gene after 28 weeks of full bloom and it 
reached approximately 4 and 5 fold respectively, and either lower the level of gene expression was 
Dahkan cultiver which amounted to 1 folde approximately. 

ML  
 
 
 
 
 
 

ME   
 
 
 
 
 
 

S 
 
 
 
 
 
 

 
 
 
 
 

  M        1          2           3         4           5            6            7          8          9         10       

  M       1          2          3          4          5         6          7          8          9        10  

M          1         2          3         4          5         6          7          8          9        10  
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In seed, analysis cultivars gene expression DGATl showed clear differences among cultivars 
then analysis semi-quantitative in the 25thcycle of the PCR program that for cDNA cultivars 
appeared Baashiqi and Dahkan cultivars weak intensity bands, on the other hand this cycle (25th) 
showed high intensity of clear bands in Arabqween, Nabali, Labeeb, Shami and Sorani cultivars 
while another cultivars were has middle intensity (Figure 2.S). In 35th cycle of the PCR program of 
gene expression to gene DGAT1 in the seeds of olive cultivars that clear bands for all cultivars 
especially Khaderi, Manzenillo, Arabqween, Nabali and Labeeb cultivars, except Baashiqi and 
Dahkan cultivars had weak intensity. Notes from the analysis of relative amount of the DGAT1 gene 
in seed (Figuare 2.S) showed Shami, Arabqween and Manzenillo cultivars had high relative gene 
expression reach (79,51 and 35 fold) respectively. While Khaderi, Qaysi, Sorani and Baashiqi 
cultivars were less relative gene expression, while Nabali, Labeeb and Dahkan were middle in 
relative gene expression. 
 

 Semi-quantitative Gene expression Relative quantitative (realtime PCR) Gene 
expression 

ML 

 

 

 

M
E 

 

 
 

 M         1           2           3           4          5        6        7         8       9        10  
 
 
 
 
 
25 Cycle 
 
 
 
 
 
 
 
35 Cycle 

M          1         2          3         4          5         6          7          8          9        
10  
 
 
 
 
 
25 Cycle 
 
 
 
 
 
 
 
35 Cycle 
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S 

 

 

 
Figure (1) represents the Semi-quantitative measurement and Relative quantitative of DGATI Gene 

expression to the mature leaves(ML), mesocarp(MS) and seeds(S) of ten olive cultivars semi-
quantitative were on agarose gel (1%) and voltage (100 V) for (20 minutes). M = Marker Leader:  

1 = Khaderi, 2 = Qaysi 3 = Manzenillo, 4 = Baashiqi, 5 = Arabqween, 6 = Nabali, 7 = Labeeb,  
8 = Dahkan, 9 = Shami and 10 = Sorani. 

 
Chemical analysis result 
Chemical analysis of the fruits of olive cultivars showed highest moisture percentage in 

Dahkan variety fruits with significant difference reached (71.3 %), while the lowest moisture 
percentage in Khaderi variety fruit. Arabqween variety fruit contained high percentage of oil in dry 
weight reached (57.5 %) and Baashiqi fruit had low percentage of oil dry weight reached (15.5 %). 
Percentage of oil in fresh weight showed which highest significant value in Khaderi variety which 
was (37.4 %), while the lowest percentage in Iraqi cultivars (Baashiqi and Dahkan) reached (4.9 
and 6.6 %) respectively. Table (l). 
 

Table ( l ) analysis moisture and oil in olive fruits cultivars 
 

Oil.fw 
(%) 

Oil.dw 

(%) 
Moisture 

(%) 
Cultivars 

37.4 a 53.7 c 30.4 f Khaderi 

35.4 b 56.3 ab 36.4 e Qaysi 

23.8 e 38.9 e 38.8 de Manzanello 

4.9 f 15.5 g 68.4 b Baashiqi 

33.6 c 57.5 a 41.6 c Arabqween 

30.1 d 49.8 d 39.5 d Nabali 

33.7 c 55.8 b 39.6 d Labeeb 

6.6 f 23.2 f 71.3 a Dahkan 

31.5 d 49.8 d 37.8 e Shami 

24.2 e 38.6 e 38.8 de Sorani 

*Similar letters refer to nonsignificant difference. 
*Dissimilar letters refer to significant difference. 
*This analysis of variance and means were separated by Duncan's multiple range 
test at the 5% level. 
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25 Cycle 
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Discussion  
In this study (Figure 1) appear DGAT1 gene expression in leaves, mesocarp and seeds by two 

methods (semi- quantitative and relative quantity) were the convergent results and clear, and if 
these results compared with chemical analysis (Table 1) shows that the best cultivars were Shami, 
Arabqween, Khaderi, Qaysi and Labeeb. Tables (1) indicates that the cultivars Shami and Khaderi 
then were contain in fruits desirable qualities of olive oil, low moisture and high oil percentages 
ratios. While it were Nabali, Manzanello, and Sorani cultivars middle desirable qualities wheres 
cultivars Baashiqi and Dahkan were undesirable because of low oil quantity and high moisture in 
fruits. Some cultivars have little intensity in semi- quantitative and little fold in relative quantity 
but it's have high oil contain in fruits that maybe indicate to that cultivars were complete gene 
expression and begin to accumulation and save oil in tissue. Therefore particular emphasis was 
given to the temporal regulation of olive DGATs during drupe development. In olive fruit, TAGs are 
formed and stored in both the mesocarp and the seed. Two drupe compartments that have 
different physiological functions and roles and also display difference in the mode of TAG 
accumulation. Storage TAGs in seeds are proposed to provide energy for germination. They are 
present in small 0.5-2 mm diameter subcellular-oil bodies complete covered by oleosins to prevent 
them from coalescence [37]. The fleshy olive mesocarp possesses much larger (about 30mm 
diameter) lipid particles TAGs which are devoid of surface oleosins [38, 39]. Accumulation of TAG 
in olive seeds is relatively fast, if compared with the mesocarp being completed within a relatively 
short period [40]. Although massive TAG storage in seeds starts at about 11 WAF, coinciding with 
endocarp lignification, DGATI transcripts were present as early as 5 WAF, albeit at low levels. 
By contrast, DGAT2 transcripts were almost undetectable until 11 WAF, pointing to a principal role 
of DGATI in early TAG accumulation in olive drupes, especially in the seed [41]. As the drupe 
grows further, the rate of oil synthesis in seed tissues accelerates reaching a plateau at about 
22 WAF [40]. The pattern of oil deposition in seeds correlates well with DGATI regulation both in 
embryo and endosperm. The bell-shaped expression pattern of DGATl coincides well with the 
relative expression of the olive oleosin gene in seed tissues [39]. Similarly, in oilseed species, a 
transient increase of DGATs activity occurs at the stage of active oil accumulation, but when the 
lipid content reaches plateau the activity decreases markedly [42, 43]. The present results suggest a 
prominent role of DGATI in seed olive oil accumulation. This is in contrast to oleogenic seed crops 
that contain unusual fatty acids where, DGAT2 may play a more central role than DGAT1 in oil 
production [44, 16, 20, 45]. Olive oil does not contain unusual fatty acids and olive is one of the few 
exceptions of commercially important oil producing crops in that most of the oil is produced in the 
mesocarp. Oil accumulation in the mesocarp follows a typical sigmoidal curve [40]. The major 
proportion of oil generally starts to accumulate at 16-19 WAF and reaches a plateau at about 
28 WAF. However, the pattern of accumulation may vary due to environmental conditions, 
different agricultural practices and/or the olive variety [46]. DGATI share an overlapping 
expression pattern after 28 WAF, suggesting that they probably function at those stages. However, 
following maximal mRNA levels at 22 WAF, DGAT1 transcription declined substantially. 

The reference [47] showed that oil bodies, primarily composed of steryl esters and 
triacylglycerols were abundant in the Physcomitrella photosynthetic vegetative gametophyte. In 
this study, relatively high levels of transcription of OeDGATl were detected in olive leaves of 
cultivars, where the regulation of expression was clearly developmentally regulated. Accumulating 
data, as stated above, suggest that DGATl gene also play roles other than its 'classical' role to 
synthesize TAGs in the storage organs [23, 41, 48]. The present results point to a differential 
contribution of each DGAT gene in various organs in a temporal-related manner. 

 
Conclusion 
In conclusion DGATI share overlapping but distinct transcription patterns during vegetative 

growth, suggesting that they are differentially regulated in a developmental and cellular manner. 
They probably have similar functions but they also serve different purposes. Distinct expression 
patterns of DGATI were observed between the leave, seed and mesocarp, with DGATI contributing 
most of the TAG deposition in seeds, reflecting the large differences in the mode of TAG 
accumulation among the cultivars fruit compartments. Important differences between the 
expression profiles of the gene were also apparent during drupe ripening. 
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Abstract 
We used Gram-positive aerobic facultative methylotrophic bacterium, Brevibacterium 

methylicum, L-phenylalanine producer with ribulose-5-monophosphate (RuMP) cycle for carbon 
assimilation for microbiological preparation of [2H]phenylalanine via conversion of low molecular 
weight substrates ([U-2H]MeOH and 2H2O). For this purpose, the cells of the methylotroph with 
improved growth characteristics were used on minimal salt media M9 supplemented with 2 % (v/v) 
[U-2H]MeOH and increasing gradient of 2Н2O concentration from 0; 24,5; 49,0; 73,5 up to 98 % 
(v/v) 2Н2O. L-phenylalanine was isolated from the growth medium after adding 5 M 2HCl (in 
2Н2О), pH = 2,0 by extraction with isopropanol and subsequent crystallization in ethanol (output 
0,65 g/l). Alanine, valine, and leucine/isoleucine were produced and accumulated exogenously in 

amounts of 5–6 mol in addition to the main product of biosynthesis. The method allows to obtain 
[2Н]amino acids with different levels of deuterium enrichment, depending on 2Н2O concentration 
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in growth media, from 17 atom% 2Н (2 deuterium atoms) (on the growth medium with 24,5 % (v/v) 
2Н2О) up to 75 atom% 2Н (6 deuterium atoms) (on the growth medium with 98 % (v/v) 2Н2О) with 
introduction of deuterium to benzyl С6Н5СН2-fragment of molecule that is confirmed with the data 
of electron impact (EI) mass spectrometry analysis of methyl ethers of N-5-
dimethylamino(naphthalene)-1-sulfochloride [2H]amino acids after the separation by reverse-
phase HPLC. 

Keywords: Brevibacterium methylicum; [U-2H]MeOH; heavy water; biosynthesis; 
[2H]amino acids; EI mass spectrometry; HPLC.  

 
Introduction 
Labeling of amino acid molecules with deuterium is becoming an essential part for various 

biochemical and biomedical studies with 2H-labeled molecules and investigation of certain aspects of 
their metabolism [1]. Tendencies to preferable using of stable isotopes in clinical diagnostics in 
comparison with their radioactive analogues are caused by absence of radiation danger and possibility 
of localization of a label in a molecule by highly resolution methods as NMR spectroscopy and mass 
spectrometry [2].  Development of these methods for detecting stable isotopes for last years has allowed 
to improve considerably carrying out numerous biological studies with amino acids de novo, and also to 
study the pathways of their metabolism. 2Н-labeled amino acids are applied in medical diagnostics and 
biochemical research [3], as well as in chemical synthesis of various isotopically labeled compounds on 
their basis, for example, [2H]phenylalanine – in synthesis of peptide hormones and neurotransmitters. 
Isotopically labeled analogues of L-phenylalanine find the increasing application in diagnostic 
purposes, for example, for detecting hereditary phenylketonuria (PKU) – a metabolic genetic disorder 
characterized by a mutation in the gene of the hepatic enzyme phenylalanine hydrolase (PAH), making 
it nonfunctional and connected with disorders of phenylalanine metabolism in organism [4]. For 
biomedical diagnostic of PKU is essential to study distribution of isotope label in end-products of 
metabolism of this amino acid by introducing isotopically labelled phenylalanin into organism [5]. 
Therefore it is important to develop new biotechnological approaches for preparation of natural 
isotopically labelled analogues of phenylalanine, including its deuterated analogues. Advantages of 
biotechnological methods for synthesis of isotopically labelled amino acids in comparison with 
chemical synthesis consist in high exits of synthesised products and that they possess a natural L-
configuration. 

For introduction of deuterium into amino acid molecules either chemical or biosynthetic 
methods may be used. Chemical synthesis of 2H-labeled compounds has one significant limitation; 
it is a very laborious and costly multistep process resulting in obtaining a racematic mixture of D,L- 
enantiomers [6]. Although chemomicrobiological synthesis overcomes this problem [7], the 
amounts of purified enzymes, required is prohibitive [8]. The biosynthesis of 2H-labeled amino 
acids usually involves growth of an organism on selective growth media containing the labeled 
substrates: e.g., growth of algae autotrophically on media with 96 % (v/v) 2H2O, is a well 
established method for biosynthesis of highly deuterated biochemicals including amino acids [9]. 
Though this method, being generally applicable, is still limited due to lower resistance of plant cells 
towards 2H2O along with the expense of the mixture of 2H-labeled amino acids which is isolated 
from hydrolysates of biomass [10]. 

Alternatively inexpensive sources for microbiological synthesis of [2H]amino acids seem 
methylotrophic bacteria, capable to oxidize methanol (MeOH) and other one-carbon compounds 
containing methyl СН3-group to formaldehyde via ribulose-5-monophosphate and serine pathways 
of carbon assimilation [11]. Interest to use methylotrophic bacteria in biotechnology has recently 
increased owing to development of new perspective technologies for chemical synthesis of 
methanol. Owing to 50 % level of bioconversion of methanol (at efficiency of methanol conversion 
15,5–17,3 gram of dry biomass for 1 gram of consumed substrate) methlotrophic bacteria are 
considered as cheap sources of deuterated protein and irreplaceable amino acids, whose 
technological expenses for their preparation are defined, basically by cost of 2Н2О and 
[2Н]methanol. These bacteria have shown a great practical advantage in terms of its industrial 
usage because of their ability to produce and accumulate in culture liquid large quantities of 2H-
labeled amino acids during its growth on media supplemented with 2H2O and [U-2H]MeOH and is 
a cost effective process due to lower price of [U-2H]MeOH [12]. The traditional approach for this 
aim is cultivation of strain-producers of amino acids on growth media containing [2Н]methanol 
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and heavy water (2Н2О) with subsequent fractionation of liquid cultural media for isolation of 
[2Н]amino acids [13]. 

In the past few years, a certain progress was observed in terms of isolation of methylotrophs 
wherein RuMP cycle operates. However still for such studies, limited research is carried out with 
methylotrophs due to poor growth characteristics obtained on 2H2O containing media. Realizing 
this, the production of 2H-labeled amino acids by obligate methylotrophs Methylobacilus 
flaggellatum for carbon assimilation was conducted by 2-keto 3-deoxy 6-phospho-6-gluconate 
aldolase/transaldolase (KDPGA/TA) variant of RuMP cycle which involves the bacterial growth on 
salt medium supplemented with approx. 75 % (v/v) 2H2O [14]. In the present study, a mutant strain 
of Gram-positive aerobic facultative methylotroph, Brevibacterium methylicum, with NAD+ 

dependent methanol dehydrogenase (EC 1.6.99.3) variant of RuMP cycle for carbon assimilation 
was selected, which seems more convenient for the preparation of 2H-labeled amino acids because 
of its ability to grow on minimal salt media M9 with 98 % (v/v) 2H2O as compared to the obligate 
methylotroph M. flagellatum [15]. 

The main aim of the present study was to study the biosynthesis of deuterium labeled amino 
acids using Gram-positive aerobic facultative methylotrophic bacterium B. methylicum, L-
phenylalanine producer, adapted to high level of 2Н2O in growth media. 

 
Material and methods 
Chemicals 
2H2O (99,9 atom% 2H) was purchased from JSC “Isotope” (Sankt Petersburg, Russia), [U-

2H]MeOH (97,5 atom% 2H) (Biophysics Center, Pushino, Russia). Dansylchloride (DNSCl) of 
sequential grade was from Sigma Chemicals Corp. (USA). Diazomethane (DZM) was prepared from 
N-nitroso-methylurea (N-NMU) (“Pierce Chemicals Corp.”, USA). Inorganic salts were crystallized 
in 99,9 atom% 2Н2O; 2Н2O was distilled over KMnO4 with the subsequent control of isotopic 
enrichment by 1H-NMR spectroscopy on Brucker WM-250 device (“Brucker Corp.”, USA) (working 
frequency – 70 MHz, internal standard – Me4Si).   

 
Bacterial Strain  
A Gram-positive parental strain of L-leucine auxotroph of facultative methylotrophic 

bacterium Brevibacterium methylicum 5662, producer of L-phenylalanine used in this research 
was obtained from Russian State Scientific Center for Genetics and Selection of Industrial 
Microorganisms GNIIGENETIKA. The parental strain was modified by adaptation to 2H2O via 
plating the cells onto 2 % (w/v) agarose media with an increasing gradient of 2Н2O concentration 
from 0; 24,5; 49,0; 73,5 up to 98 % (v/v) 2Н2O and the subsequent selection of separate colonies 
resistant to 2Н2O, capable to produce L-phenylalanine while grown on liquid growth media with 
the same isotopic content.  

 
Adaptation and Growth Conditions 
The parent strain was adapted to deuterium via plating the cells to individual colonies 

followed by subsequent selection of cell colonies which were resistant to deuterium on solid 2 % 
(w/v) agarose media M9 with 2 % (v/v) MeOH/[U-2H]MeOH containing a step-wise increasing 
gradient of 2Н2O concentration from 0; 24,5; 49,0; 73,5 up to 98 % (v/v) 2Н2O. Minimal salt 
medium M9 (g/l): KH2PO4 – 3; Na2HPO4 – 6; NaCl – 0,5; NH4Cl – 1, with MeOH (2 %, v/v) as a 
carbon and energy source and L-Leu (100 mg/l) was used for bacterial growth. Selection of 
separate colonies was performed by their resistance to 2Н2O. Cell colonies grown on the growth 
media M9 with a low gradient of 2Н2О concentration were transferred onto the growth media with 
higher gradient of 2Н2О concentration; this was repeated up to 98 % (v/v) 2Н2О. At a final stage of 
this technique on growth medium with 98 % (v/v) 2Н2О were isolated the separate cellular colonies 
representing posterity of one cell, resistant to the action of 2Н2О. Then cells were transferred to the 
liquid growth medium М9 with the same deuterium content, and grew up during 3–4 days at 
temperature 34 0С. The adaptation was monitored by formation of individual colonies onto the 
surface of solid agarose media with 2Н2O and also by values of optical density (OD) of cell 

suspension in liquid media, determined in a quartz cuvette (light path 10 mm) at  = 620 nm using 
a Beckman DU-6 spectrophotometer (“Beckman Coulter”, USA). The bacterium adapted to 2Н2O 
was grown on the maximally deuterated M9 medium with 2 % (v/v) [2H]methanol and 98 % (v/v) 
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2Н2O in 250 ml Erlenmeyer flasks containing 50 ml of growth medium at 32–34 0С and vigorously 
aerated at 200 rpm on orbital shaker Biorad 380-SW (“Biorad Labs”, Poland). The exponentially 
growing cells (cell density 2,0 at absorbance 620 nm) were pelleted by centrifugation (1200 g for 15 
min), the supernatant was lyophilized in vacuum and used for chemical derivatization. 

 
Determination of L-Phenylalanine 

The amount of L-phenylalanine was determined for 10 l aliquots of liquid minimal salt 
medium M9 by TLC method with solvent mixture iso-PrOH–ammonia (7 : 3, v/v) using pure 
commercially available L-phenylalanine as a standard. The spots were treated with 0,1 % (w/v) 
ninhydrin solution (prepared in acetone), and was eluted with 0,5 % (w/v) CdCl2 solution prepared 
in 50 % (v/v) EtOH (in H2O) (2 ml). Absorbance of the eluates was measured on 

spectrophotometer Beckman DU-6 (“Beckman Coulter”, USA) at  = 540 nm, the concentration of 
L-phenylalanine in samples was calculated using a standard calibration curve.  

 
Isolation of [2H]Phenylalanine from Growth Medium 
Deutero-biomass of B. methylicum obtained after growth in maximally deuterated medium 

M9 with 2 % (v/v) [U-2Н]MeOH and 98 % (v/v) 2Н2О, was separated using centrifugation 
(“Heraues Sepatech”, Model Т-24, Germany) at 1200 g for 15 min. Supernatant thus obtained was 
evaporated under vacuum. To 5 g of the lyophilized growth medium M9; 30 ml of iso-PrOH was 
added, and thus acidified to pH = 2,0 using 5 M 2HCl (in 2Н2О) and keep at room temperature for 4 
h. The salts were removed through centrifugation and the supernatant was evaporated. 

Phenylalanine (0,65 g/l) was recrystallized from EtOH: []D
20 = 350 (EtOH); UV-spectrum (0,1 M 

НСl): λmax = 257,5 nm, 257.5  = 1,97.102 М-1.cm-1.  
 
Synthesis of Methyl Esters of N-DNS-[2H]Amino Acids 
To 200 mg of lyophilized growth media M9 in 5 ml 2 M NaHCO3 (0.002 mol) solution, pH = 

9–10, 320 mg (1,2 mol) DNSCl in 5 ml of acetone was added. A mixture was kept at 40 0С under 
vigorous stirring for 1 h. After the reaction was completed, the solution was acidified by 2 M HCl till 
рН = 3,0, and extracted with ethyl acetate (3×5 ml). The combined extracts were dried over sodium 
sulphate and evaporated under vacuum. The further derivatization to methyl esters of N-DNS-
[2H]amino acids was performed using a standard chemical procedure with DZM. To, 20 ml of 40 % 
(w/v) KOH in 40 ml of diethyl ether 3 g of N-NMU was added and mixed at 120 rpm on a water 
bath cum stirrer at 4 0C for 15–20 min.  After intensive evolution of gaseous DZM ether layer was 
separated and washed out by cold water till рН = 7,0 was achieved, then dried over sodium 
sulphate for further processing and analysis. 

 
High-Performance Liquid Chromatography 
Analytical separation of methyl esters of N-DNS-[2H]amino acids was performed by a 

reversed-phase HPLC on liquid chromatograph Knauer (“Knauer GmbH”, Germany), supplied with 
UV-detector and integrator C-R 3A (“Shimadzu”, Japan). Methyl esters of N-DNS-[2H]amino acids 

were detected at  = 254 nm by UV-absorbance. As a motionless phase was used Separon SGX C18 

(“Kova”, Czech Republic), 22 0C, 18 m, 150×3,3 mm. The mobile phase composed of a mixture of 
solvents: (A) – acetonitrile–trifluoroacetic acid (20:80 %, v/v) and (B) – acetonitrile (100%, v/v). 
The gradient started from 20 % A to 100 % B for 30 min; at 100 % B for 5 min; from 100 % B to 20 
% A for 2 min; at 20 % A for 10 min. 

 
EI Mass-Spectrometry 
EI MS was performed for the determination of deuterium enrichment levels using methyl 

esters of N-DNS-[2H] amino acids on Hitachi MB 80 mass spectrometer (“Hitachi”, Japan) at an 
ionizing energy of 70 eV, with an accelerating electrical voltage of 8 kV, and an ion source 

temperature of 180–200 oC. Each measurement was repeated at least three times. Calculation of 
deuterium enrichment of [2H]amino acids was performed on a parity of contributions of molecular 
ion (M+.) peaks of N-DNS-[2H]amino acid methyl esters obtained in isotopic experiments relative 
to the control in protonated minimal M9 medium. Statistical processing of experimental data was 
carried out with using the program of statistical package, STATISTIСA 6.  
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Results and discussion 
Studying phenylalanine biosynthesis by the strain B. methylicum in 2H2O 

containing media.  
As is known, the majority of the microorganisms distributed in nature cannot serve as good 

producers of aromatic amino acids, owing to the presence in a cell effective mechanism of 
regulation of their biosynthesis, though this ability is known for a number of their mutant forms 
[16] (Mosin et al., 1996). Effective microbial producers of L-phenylalanine are, as a rule, the 
mutants, which do not have negative control over such key enzymes of biosynthesis of this amino 
acid as prephenate dehydratase (EC 4.2.1.51), chorismate mutase (EC 5.4.99.5) and 3-deoxy-D-
arabino-heptulosonate-7-phosphate synthase (EC 2.5.1.54). Phenylalanine is synthesized in most 
bacteria via shikimic acid pathway from prephenic acid, which through formation of 
phenylpyruvate that turns into phenylalanine under the influence of cellular transaminases [17]. 
The precursors for the biosynthesis of phenylalanine are phosphoenolpyruvate (PRP) and 
erythrose-4-phosphate (ERP). The latter compound is an intermediate in the pentose phosphate 
(PenP) pathway and, in some methylotrophs, during the RuMP cycle of carbon assimilation [18]. 
The basic metabolic transformation of phenylalanine in animals is enzymatic hydroxilation of this 
amino acid with formation of tyrosine [19]. 

 
Figure 1. Scheme of biosynthesis of aromatic amino acids – phenylalanine, tyrosine and 

tryptophan from the general predecessors – phosphoenolpyruvate (PEP) and erythrose-4-
phosphate (E4P) (adapted from R.C. Bohinski [19]) 
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Phenylalanine is synthesized in most organisms via shikimic acid pathway from the common 
aromatic amino acid precursors as erythrose-4-phosphate (E4P) formed through formation stages 
of shikimic acid, chorismic acid and prephenic acid (Fig. 1). The basic intermediate products of 
phenylalanine catabolism and metabolically related tyrosine in various organisms are fumaric acid, 
pyruvate, succinic acid, acetaldehyde etc. At hereditary penylketonuria disease the hepatic enzyme 
phenylalanine hydroxylase (PAH), which is necessary to metabolize phenylalanine to tyrosine is 
nonfunctional, that caused accumulation of phenylalanine and its metabolites (phenylpiruvate, 
phenyllactate, phenylacetate, ortho-hydroxyphenyl acetate), superfluous amounts of which 
negatively affect development of nervous system [20]. 

The native bacterial strains can not be the potential producers of phenylalanine owing to 
their effective mechanisms in its metabolic regulation, although certain bacterial mutants with 
mutations in their metabolic machinery such as in their of prephenate dehydrogenase (EC 1.3.1.12), 
prephenate hydratase (EC 4.2.1.51), chorismate mutase (EC 5.4.99.5), 3-deoxy-D-arabino-
heptulosonate-7-phosphate synthase (EC 2.5.1.54) and in other enzymes which thereby proves to 
be an active producers of this amino acid [21]. The best phenylalanine producing strains once 
selected were the mutants partially or completely dependent on tyrosine or tryptophan for growth. 
The reports about other regulative mechanisms for phenylalanine biosynthesis in bacterial cells are 
quite uncommon, though it is known that RuMP cycle operates in certain number of auxotroph 
mutants of methylotrophs, covers numerous steps in aromatic amino acid biosynthesis [22]. 

A certain practical interest represents the research of the ability to produce L-phenylalanine 
by a leucine auxotroph of Gram-negative aerobic facultative methylotrophic bacterium B. 
methylicum realizing the NAD+ dependent methanol dehydrogenase (EC 1.6.99.3) variant of the 
RuMP cycle of carbon assimilation – convenient, but insufficiently explored object for 
biotechnological usage. Unlike other traditional producers of L-phenylalanine, which do not have 
negative control of prephenate dehydratase (EC 4.2.1.51) or 3-deoxy-D-arabino-heptulosonate-7-
phosphate synthase (EC 2.5.1.54), the uniqueness of this strain consists in that it requires L-leucine 
for growth. The initial stage of biochemical research with this strain of methylotrophic bacteria was 
connected with obtaining auxotrophic mutants, which in majority cases are characterized by the 
limited spectrum of mutant phenotypes and, besides that the high level of reversions. The initial L-
leucine dependent strain B. methylicum, producer of L-phenylalanine was obtained via selection at 
previous stage of research after processing of parental strain by nitrozoguanidin. Screening for 
resistant cell colonies was carried out by their stability to the analogue of phenylalanine – meta-

fluoro-phenylalanine (50 g/ml). The analogue resistant mutants allocated on selective media were 
able to convert methanol and accumulate up to 1 gram per 1 liter of L-phenylalanine into growth 
media. Comparative analyses (TLC, NMR) showed, that L-phenylalanine, produced by this strain of 
methylotrophic bacteria is identical to the natural L-phenylalanine. 

Further attempts were made to intensify the growth and biosynthetic parameters of this 
bacterium in order to grow on media M9 with higher concentration of deuterated substrates – [U-
2H]MeOH and 2H2O. For this, deuterium enrichment technique via plating cell colonies on 2 % 
(w/v) agarose media M9 supplemented with 2 % (v/v) [U-2H]MeOH with an increase in the 2H2O 
content from 0; 24,5; 49,0; 73,5 up to 98 % (v/v) 2H2O, 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 2). 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 М9 medium (control) with 

water and methanol (a); initial strain on maximally deuterated M9 medium (b); adapted to 
deuterium strain on maximally deuterated M9 medium (c): 1 – yield of biomass, % from the 

control; 2 – duration of lag-period, h; 3 – generation time, h. 
 
Experimental conditions are given in Table 1 (expts. 1–10) relative to the control (expt. 1) on 

protonated medium M9 and to the adapted bacterium (expt. 10‟). Various compositions of [U-
2H]MeOH and 2H2O were added to growth media M9 as hydrogen/deuterium atoms could be 
assimilated both from MeOH and H2O. The maximum deuterium content was under conditions 
(10) and (10‟) in which we used 98 % (v/v) 2H2O 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 2H2O. 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 2H2O into growth medium caused the proportional increase in lag-period and 
yields 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 results 
suggested, that below 49 % (v/v) 2H2O (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) 2H2O (Table 1, 
expts. 5–8), growth was markedly reduced, while at the upper content of 2H2O (Table 1, expts. 9–
10) growth got 3,3-fold reduced. With increasing content of 2H2O 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) 2H2O 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 adapted bacterium on maximally deuterated growth medium (Table 1, expt. 10‟) 
containing 98 % (v/v) 2H2O 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. 
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Table 1: Effect of variation in isotopic content (0–98 % 2H2O, v/v) present in growth medium M9 
on bacterial growth of B. methylicum and phenylalanine production 

 
Exp. 
number 

Media components, % (v/v) 
 

Lag-period 
(h) 

Yield in terms 
of wet biomass 
(g/l) 
 

Generation 
time (h) 

Phenylalanine 
production (g/l) 
 H2O 2H2O MeOH [U-2H]              

MeOH 
1 (control) 98,0 0 2 0 20,2±1,40 200,2±3,20 2,2±0,20 0,95±0,12 
2 98,0 0 0 2 20,3±1,44 184,6±2,78 2,4±0,23 0,92±0,10 
3 73,5 24,5 2 0 20,5±0,91 181,2±1,89 2,4±0,25 0,90±0,10 
4 73,5 24,5 0 2 34,6±0,89 171,8±1,81 2,6±0,23 0,90±0,08 
5 49,0 49,0 2 0 40,1±0,90 140,2±1,96 3,0±0,32 0,86±0,10 
6 49,0 49,0 0 2 44,2±1,38 121,0±1,83 3,2±0,36 0,81±0,09 
7 24,5 73,5 2 0 45,4±1,41 112,8±1,19 3,5±0,27 0,69±0,08 
8 24,5 73,5 0 2 49,3±0,91 94,4±1,74 3.8±0.25 0,67±0,08 
9 98,0 0 2 0 58,5±1,94 65,8±1,13 4,4±0,70 0,37±0,06 
10 98,0 0 0 2 60.1±2.01 60,2±1,44 4,9±0,72 0,39±0,05 
10‟ 98,0 0 0 2 40.2±0.88 174,0±1,83 2,8±0,30 0,82±0,08 

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) of 2Н2О.  
** The date in expt. 10‟ described the growth characteristics for bacteria adapted to maximum 
content of deuterium in growth medium. 
***As the control used exprt. 1 where used ordinary protonated water and methanol 
 

The adapted strain 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 [23-25]. The effect of 
reversion of growth in protonated/deuterated growth media proves that adaptation to 2Н2О is 
rather a phenotypical phenomenon, although it is not excluded that a certain genotype determines 
the manifestation of the same phenotypic trait in the growth media with different isotopic 
compositions. On the whole, improved growth characteristics of adapted methylotroph essentially 
simplify the scheme of obtaining the deutero-biomass which optimum conditions are М9 growth 
medium with 98 % 2Н2О and 2 % [2Н]methanol with incubation period 3–4 days at temperature 
350С. 

Literature reports clearly reveal that the transfer of deuterated cells to protonated medium 
M9 eventually after some lag period results in normal growth that could be due to the phenomenon 
of adaptation wherein phenotypic variation was observed by the strain of methylotrophic bacteria. 
The effect of reversion of growth in protonated/deuterated growth media proves that adaptation to 
2Н2О is a phenotypical phenomenon, although it cannot be excluded that a certain genotype 
determined the manifestation of the same phenotypic attribute in media with high deuterium 
content. The improved growth characteristics of the adapted bacterium essentially simplify the 
obtaining of deutero-biomass in growth medium M9 with 98 % (v/v) 2Н2О and 2 % (v/v) [U-
2Н]methanol. 

Adaptation, which conditions are shown in experiment 10‟ (Table 1) was observed by 
investigating of growth dynamics (expts. 1a, 1b, 1c) and accumulation of L-phenylalanine into 
growth media (expts. 2a, 2b, 2c) by initial (a) and adapted to deuterium (c) strain B. methylicum in 
maximum deuterated growth medium М9 (Fig. 3, the control (b) is obtained on protonated growth 
medium M9). In the present study, the production of phenylalanine (Fig. 3, expts. 1b, 2b, 3b) was 
studied and was found to show a close linear extrapolation with respect to the time up to 
exponential growth dynamics (Fig. 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 (Fig. 3, expt. 2b). The level of phenylalanine production by adapted bacterium under those 
growth conditions was 0,82 g/liter (Fig. 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 2Н2О strain В. methylicum was that it has kept its 
ability to synthesize and exogenously produce L-phenylalanine into growth medium. Thus, the use 
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of adapted bacterium enabled to improve the level of phenylalanine production on maximally 
deuterated medium by 2.1 times with the reduction in the lag phase up to 20 h. This is an essential 
achievement for this strain of methylotrophic bacteria, because up till today there have not been 
any reports about production of phenylalanine by leucine auxotrophic methylotrophs with the 
NAD+ dependent methanol dehydrogenase (EC 1.6.99.3) variant of the RuMP cycle of carbon 
assimilation. This makes this isolated strain unique for production of phenylalanine.    
 

 
 
Figure 3. Growth dynamics of B. methylicum (1a, 2a, 3a) and production of phenylalanine (1b, 2b, 

3b) on media M9 with various isotopic content:  1a, 1b – non-adapted bacterium on protonated 
medium (Table 1, expt. 1); 2a, 2b – non-adapted bacterium on maximally deuterated medium 

(Table 1, expt. 10); 3a, 3b – adapted bacterium on maximally deuterated medium  
(Table 1, expt. 10‟) 

 
The general feature of phenylalanine biosynthesis in Н2О/2H2O-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 [26]. 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 mol 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 of [2H]phenylalanine in EtOH. Analytical 
separation of [2H]phenylalanine and metabolically related [2H]amino acids was performed using a 
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reversed-phase HPLC on Separon SGX C18 Column, developed for methyl esters of N-DNS-
[2H]amino acids with chromatographic purity of 96–98 % and yield of 67–89 %. 

 
Study of deuterium inclusion into molecules of secreted amino acids 
For evaluation of deuterium enrichment by EI MS method, methyl esters of N-DNS-

[2H]amino acids were applied because the peaks of molecular ions (M+.) allow to monitor the 
enrichment of multicomponential mixtures of [2H]amino acids in composition with growth media 
metabolites. Furthermore, EI MS allows detect amino acid samples with concentrations 10-9–10-10 

mol. This method in combination with reversed-phase HPLC has proved to be better for research 
studies on deuterium enrichment levels of [2H]amino acids in composition of their 
multicomponental mixtures of lyophilized growth media, and can be used for the analysis of amino 
acids of various natural sources. N-DNS-amino acids were obtained through the derivatization of 
lyophilized growth media with DNSCl. The reaction was carried out in the alkaline environment in 
the presence of 2 M NaHCO3 (pH = 9–10) in water-organic solvent (acetone) in the mass ratio of 
DNSCl – the amino acid, (2:1, w/w). The volatility of N-DNS-amino acids in the mass spectrometry 
analysis may be increased by additional derivatization on carboxyl group (esterification) by 
diazomethane. The choice of DZM as esterification reagent was caused by the necessity of carrying 
out the reaction of esterification in soft conditions excluding isotopic (1H–2H) exchange in an 
aromatic fragment of the phenylalanine molecule. However, with DZM treatment derivatization 

occurs on NH2-group in molecules, so that their N-methylated derivatives could be formed in 
addition to the methyl ester of N-DNS-amino acids. 

The control over deuterium inclusion into phenylalanine molecule due to the conversion of 
[U-2H]MeOH at growth of the bacterium on medium М9, containing H2O and 2 % (v/v) [U-
2H]MeOH (Table 1, expt. 2) has shown insignificant amount of deuterium detected in molecule. 
The enrichment level was calculated on intensity of a peak (M+.) at m/z 413 minus the contribution 
of peak of an impurity of a natural isotope (no more than 5 %). This testified about delution of 
deuterium label via biochemical processes connected with disintegration of [U-2H]MeOH during 
its assimilation by a cell, as well as reactions of isotopic (1H–2H) exchange and dissociation in 
2H2O. Thus, from 4 deuterium atoms in molecule C2H3O2H, only deuterium at hydroxyl О2H-group 
is the most mobile and easily dissociates one deuterium atom in water with formation of C2H3OH. 
Three remained deuterium atoms in C2H3OH are included into a cycle of biochemical oxidation of 
methanol leading to formation of substances more oxidized than methanol, e.g. formaldehyde. In 
particular, this confirms the classical scheme of biochemical oxidations of methanol to 
formaldehyde by methylotrophic bacteria, after that formaldehyde assimilates by this strain of 
methylotrophic bacteria via RuMP cycle of carbon assimilation. 

EI mass spectra of methyl esters of N-DNS-amino acids obtained from growth media M9 
where used 0; 49,0; 73,5 and 98 % (v/v) 2H2O with 2 % (v/v) [U-2H]MeOH (Table 1, expts. 1, 6, 8, 
10) are shown in consecutive order in Fig. 4–7. The fragmentation pathways of methyl esters of N-
DNS-amino acids by EI MS method lead to the formation of distinguished peaks of molecular ions 
(M+.) from which the fragments with smaller m/z ratio further are formed. The peak of amino 
fragment A at m/z 353 generally has a low intensity, while and peak of aminoacyl fragment B at 
m/z 381 has the lowest intensity in EI mass spectra, or ever absent (see as example Fig. 4 
corresponds to expt. 1, Table 1). A high continuous left background region in EI mass spectrum at 
m/z 100–200 is associated with peaks of contaminant metabolites and products of derivatization 
of metabolites of growth medium with DNSCl and DZM, and peaks at m/z 250, 234, 170 are 
fragments of further decay of dansyl fragment to N-(dimethylamino)naphthalene. A right region in 
EI mass spectra contains four peaks of molecular ions (M+.) of N-DNS-amino acid methyl esters: 
Phe at m/z 412; Leu/Ile at m/z 378; Val at m/z 364; Ala at m/z 336 (Fig. 4), which fragmentation 
by the method of EI mass spectrometry will allow to carry out mass spectrometry monitoring of 
[2H]amino acids in composition of intact LC of the strain-producer, containing mixes of amino 
acids and other metabolites of growth media before their chromatographic separation. However, 
since the value of (M+.) for Leu is the same as for Ile, these two amino acids could not be clearly 
estimated by EI MS method.  
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Figure 4. EI Mass spectrum of methyl esters of N-DNS-amino acids from protonated growth medium 

M9 (expt. 1, Table 1) after processing by DNSCl and DZM, and fragmentation of methyl ester of N-DNS-
phenylalanine by EI MS method. Symbols of amino acids refer to the peaks  

of molecular ions (M+.) of methyl esters of N-DNS-amino acids 
 
The results confirmed the character of labeling of [2H]amino acids as heterogeneous, judging by 

the presence of clusters of adduct peaks in molecular ions (M+.) in EI mass spectra; the species of 
molecules with different numbers of deuterium atoms were detected. Therefore, the peaks of a 
molecular ion of amino acid derivatives (M+.) were split polymorphously on separate clusters with an 
impurity of molecules having a statistical set of mass numbers m/z with the various contribution to a 
total level of deuterium enrichment of the molecule. The most abundant peak (M+.) in each cluster (the 
peak with the greatest contribution to level of deuterium enrichment), was a peak with an average m/z 
ratio registered by mass spectrometer in each experimental condition, relative to which the deuterium 
enrichment of each individual [2H]amino acid was calculated. Thus, in experiment (expt. 6, Table 1) 
shown in Figure 5 where was used 49 % (v/v) 2H2O deuterium enrichment of Phe molecule was 2 
(27,5 % 2H), calculated by (M+.) at m/z 414 (instead of (M+.) at m/z 412 for non-labeled compound); 
Leu/Ile – 5 (50 % 2H) ((M+.) at m/z = 383 instead of (M+.) at m/z = 378)); Val – 4 (50 % 2H) ((M+.) at 
m/z = 368 instead of (M+.) at m/z = 364)); Ala – 3 (50 % 2H) deuterium atoms ((M+.) at m/z = 339,2 
instead of (M+.) at m/z = 336)). The area of EI mass spectrum with values m/z = 90–300 corresponds 
to products of derivatization of metabolites of growth media by dansylchloride and diazomethane. The 
law intensity peak at m/z = 431 detected in EI mass spectra in all isotopic experiments, corresponds to a 

product of additional methylation of [2Н]phenylalanine on -NH-(Dns)-group. The peak at m/z = 400 
(Fig. 5) corresponds to a product of chip off methyl СН3-group from deuterated methyl ester of N-Dns-
[2Н]phenylalanine. 

 
Figure 5. EI mass spectrum of methyl esters of N-DNS-[2H]amino acids from growth medium M9 

containing 2 % (v/v) [U-2H]MeOH and 49,0 % (v/v) 2Н2О (expt. 6, Table 1) 
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The similar result on proportional specific increase of levels of deuterium enrichment in 
[2Н]phenylalanine and other metabolically related [2Н]amino acids was observed in all isotopic 
experiments wherein used increasing concentration 2Н2О in growth media. With increasing 2H2O 
content in growth media M9, the levels of deuterium enrichment in [2H]amino acids varied 
proportionally. As shown in Fig. 6 in experiment (expt. 8, Table 1) where in 73,5 % (v/v) of 2H2O, 
the deuterium enrichment of Phe was 4 (50 % 2H) ((M+.) at m/z = 416 instead of m/z = 412 (M+.)); 
Leu/Ile – 5 (50 % 2H) ((M+.) at m/z = 383 instead of (M+.) at m/z = 378); Val – 4 (50 % 2H) ((M+.) 
at m/z = 368 instead of (M+.) at m/z = 364; Ala – 3 (50 % 2H) deuterium atoms ((M+.) at m/z = 339 
instead of (M+.) at m/z = 336). Evidently, the deuterium atoms at carbon backbone of [2H]amino 
acid molecules were synthesized de novo from deuterated substrates. Easily exchanged protons 
(deuterons), e.g. protons at heteroatoms in NH2- and COOH-groups of amino acids could be 
replaced by deuterium due to dissociation in Н2О/2Н2О. 

 

 
Figure 6. EI mass spectrum of methyl esters of N-DNS-[2H]amino acids from growth medium M9 

containing 2 % (v/v) [U-2H]MeOH and 73,5 % (v/v) 2Н2О (expt. 8, Table 1). 
 
The used methylotrophic bacterium was leucine auxotroph with leucine being added to 

growth media in protonated form; therefore the levels of deuterium enrichment in [2Н]amino acids 
of pyruvic acid family as alanine, valine and leucine were less than for phenylalanine 
(phenylalanine related to the family of the aromatic amino acids synthesized from shikimic acid). 
This is distinctly visible on the maximally deuterated M9 medium. As shown in Fig. 7 in 
experiment (expt. 10, Table 1) wherein 98 % (v/v) 2H2O was used the deuterium enrichment of Phe 
molecule was 6 (75 at.% 2H) ((M+.) at m/z = 418 instead of (M+.) at m/z = 412); Leu/Ile – 5 (50 % 
2H) ((M+.) at m/z = 383 instead of m/z = 378 (M+.)); Val – 5 (62,5 % 2H) ((M+.) at m/z = 369 
instead of m/z = 364 (M+.)); Ala – 3 (50 % 2H) deuterium atoms ((M+.) at m/z = 339 instead of m/z 
= 336 (M+.)). The peak at m/z = 432, detected in EI mass spectrum of methyl esters of N-DNS-
amino acids in Figure 7 corresponds to a product of additional methylation of [2Н]phenylalanine 

on -NH2-group. Additionally, in EI mass spectrum is detected a peak of deuterium enriched 
benzyl С6Н5СН2-fragment of phenylalanine molecule at m/z = 97 (instead of m/z = 91 in the 
control), that specifies sites of localization of 6 deuterium atoms in [2Н]phenylalanine at positions 
С1–С6 of aromatic protons in benzyl С6Н5СН2-fragment. EI MS data suggest that at other 
concentration of 2Н2О deuterium atoms also incorporated into the aromatic ring of the 
[2Н]phenylalanine molecule as metabolism of adapted to 2Н2О bacterium does not undergo 
essential changes in 2Н2О. The obtained result on distribution of atoms of deuterium into 
[2Н]phenylalanine molecule is important for its further use in medical diagnostics where it is 
necessary to use [2Н]amino acids with high levels of isotope enrichment. 
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Figure 7. EI mass spectrum of methyl esters of N-DNS-[2H]amino acids from growth medium M9 

containing 2 % (v/v) [U-2H]MeOH and 98 % (v/v) 2Н2О (expt. 10, Table 1). 
 
The similar result on proportional specific increase of levels of deuterium enrichment into 

[2Н]phenylalanine and other metabolically related [2Н]amino acids (alanine, valine and 
leucine/isoleucine) was observed in all isotopic experiments where used increasing concentration 
2Н2О in growth media (Table 2). Predictably, enrichment levels of [2Н]phenylalanine related to the 
family of aromatic amino acids synthesised from shikimic acid and metabolically related 
[2Н]amino acids of pyruvic acid family – alanine, valine and leucine at identical 2Н2О 
concentration in growth media are correlated among themselves. Such result is fixed in all isotope 
experiments with 2Н2О (Table 2). Unlike [2Н]phenylalanine, deuterium enrichment levels in 
accompanying [2Н]amino acids – Ala, Val and Leu/Ile keep a stable constancy within a wide 
interval of 2Н2О concentration: from 49 % (v/v) to 98 % (v/v) 2Н2О (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 
Н2О 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 [2Н]amino acids excreted by B. methylicum* 
 

[2Н]amino acid 
Concentration of  2Н2О in growth media, % (v/v)** 
24,5 49,0 73,5 98,0 

Alanine 24,0±0,70 50,0±0,89 50,0±0,83 50,0±1,13 
Valine 20,0±0,72 50,0±0,88 50,0±0,72 62,5±1,40 
Leucine/isoleucine 20,0±0,90 50,0±1,38 50,0±1,37 50,0±1,25 
Phenylalanine 17,0±1,13 27,5±0,88 50,0±1,12 75,0±1,40 
Notes: 
* At calculation of enrichment levels protons (deuterons) at COOH- and NH2-groups of amino 
acids were not considered because of dissociation in Н2О (2Н2О).  
** The data on enrichment levels described bacteria grown on minimal growth media M9 
containing 2 % (v/v) [U-2Н]MeOH and specified amounts (%, v/v) of 2Н2О. 



European Journal of Molecular Biotechnology, 2015, Vol.(7), Is. 1 

50 

 

Conclusions 
As a result of the selection approach used in this research it was possible to adapt L-

phenylalanine producer strain of aerobic Gram-positive facultative methylotrophic bacterium 
B. methylicum to maximal concentration of deuterated substrates for microbiological preparation 
of [2H]phenylalanine and other metabolically related [2H]amino acids (alanine, valine and 
leucine/isoleucine) with various levels of deuterium enrichment. Advantages of this methylotroph 
for synthesis of [2H]amino acids are improved growth and biosynthetic characteristics on 
maximally deuterated growth medium, which was achieved by adaptation to 2Н2О. By using the 
adapted methylotroph it was possible to obtain 0,82 g/liter of [2H]phenylalanine (75 % 2Н), which 
was isolated from growth medium by extraction with iso-PrOH and the subsequent crystallization 
in EtOH. [2Н]phenylalanine was also isolated from growth medium by reversed-phase HPLC as 
methyl ester of N-DNS-[2H]phenylalanine with a yield of 85 % and a purity of 97 %. The method is 
suitable for preparation of other [2H]amino acids produced by methylotrophic bacteria. It should 
be noted, however, that higher levels of deuterium enrichment into [2Н]amino acid molecule can 
be achieved via replacement of protonated leucine on its deuterated analogue. 
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Аннотация. Мы использовали штамм грамположительных аэробных факультативных 
метилотрофных бактерий Brevibacterium, methylicum, продуцент L-фенилаланина с рибулозо-
5-монофосфатным (РМФ) циклом ассимиляции углерода для микробиологического 
получения [2H]фенилаланина за счет биоконверсии низкомолекулярных субстратов (([U-
2H]MeOH и 2H2O). Для этой цели были использованы клетки метилотрофа с улучшенными 
ростовыми характеристиками на минимальное солевой среде М9 с добавлением 2 % (об/об) 
(([U-2H]MeOH и ступенчато увеличивающимся градиентом концентрации 2H2O от 0; 24,5; 
49,0; 73,5 до 98 % (об/об) 2H2O. L-фенилаланин, был выделен из ростовой среды после 
добавления 5 М 2HCl (в 2H2O), рН = 2,0 экстракцией изопропанолом и последующей 
кристаллизацией в этаноле (выход 0,65 г / л). Аланин, валин, и лейцин/изолейцин 
накапливались в ростовой среде экзогенно в количестве 5-6 ммоль в дополнение к основному 
продукту биосинтеза. Метод позволяет получить [2H]аминокислоты с разными уровнями 
обогащения дейтерия, в зависимости от концентрации 2H2O в питательных средах М9, от 
17 ат.% 2H (2 атома дейтерия) (на питательной среде с 24,5 % (об/об) 2H2O) до 75 ат.% 2H 
(6 атомов дейтерия) (на питательной среде с 98 % (об/об) 2H2O) с включением дейтерия к 
бензильный С6Н5СН2-фрагмент молекулы, что подтверждено данными масс-спектрометрии 
электроного удара (ЭУ) метиловых эфиров N-5-диметиламино(нафтален)-1-сульфонил 
хлоридных производных [2H] аминокислот после их разделения обращенно фазовой ВЭЖХ. 

Ключевые слова: Brevibacterium methylicum; [U-2H]MeOH; тяжелая вода; биосинтез; 
[2H]амино кислоты; масс спектрометрия ЭУ; ОФ ВЭЖХ.  
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