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The progress of contemporary biotech-
no logy-based production in the world 
is unprecedented. This happened due to 
the achievements in areas of molecular 
studies and modeling, discoveries in the 
field of pharmacology, studies of disease 
characteristics, achievements in the clinical 
aspect of health care and, on other hand, due 
to the intensive development of information 
technologies (IT) and computer technologies 
(CT), mainly on the basis of the databases (DB), 
which gave the opportunity to work with great 
volumes of obtained digitized results. The 
notion “information system” (IS) means any 
system, that is capable to receive, to process, 
to memorize, and to transmit the information 
according to classic definition [1, 2]. In our 
research, like other authors, we distinguished 
two types of information systems [1, 2]. So, 
“information system” may mean: 1 — living 
systems in nature, we suggest to call them 
“nIS” (natural information systems), and 2 — 
technical information systems, respectively 
“tIS” (technical information systems), 
namely this publication is dedicated to the 
observation of the latter ones. During the last 
decade the “hybrid” ISs have been developed 
also; they unite characteristics of nIS and 
tIS [1]. Present review about the elaboration 
of modern electronic information systems 
(ISs) on the basis of databases (DBs) for 

biotechnology (and biology in general), we 
have done after the analysis of more than 370 
modern sources (since 2000 year), as well as 
number of earlier works; in general, relevant 
publications have been reviewed over the past 
35–30 years. Below in this article the results 
were published of such author’s original 
works and analysis of IS use in biotechnology 
and linked biological and medical disciplines 
[1–37]. Some other authors’ works with the 
description of tISs for these spheres are in 
[38–68].

Below the results of our first classification 
of modern ISs for the facilitation of future 
ISs’ versions construction were suggested; 
and these ISs can be used in biotechnology. It 
should be noted that scientific and technical 
publications about novel tISs (technical 
information systems) often contain a number of 
deficiencies. Most of them announced only the 
development of any tIS and give it superficial 
characteristic which should announce a 
novelty. But they omitted numerous technical 
characteristics of the systems, the principles 
of their functioning, and etc.; all these 
complicate the analytical research. Despite 
of this, we have analyzed the experience of 
modern ISs constructing, which can be applied 
for successful works in biotechnology. Today 
all such tISs are network-based [1, 10, 11, 
22, 25, 41, 42, 48, 54, 60–62, 67, 69–94] 
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and linked with DBs [95–127]. Content for 
these databases was obtained usually from the 
results of biological and medical observations 
and experiments [4, 5, 10, 12–14, 17, 22–44, 
47–49, 61, 68, 71, 74, 78–81, 85, 86–88, 92, 
95–97, 106, 112, 117, 119–151]. 

Further each of the mentioned tISs we have 
characterized briefly. 

The first works on the development of 
tIS with databases for biotechnology, other 
biological and medical sciences. The importance 
of IT developments for all biological branches 
and, first of all, for biotechnology, has often 
been highlighted during contemporary 
international forums with the participation of 
biologists, managers and IT professionals. One 
of the first important forums — VLDB 2000 
Conference — had happened on June, 2000. 
VLDB 2000 was dedicated to the prediction 
of the ways of IT development for the biology 
and medicine; for the control of situation 
with biodiversity and ecosystems [1, 10]. 
It was noted that the study of biodiversity 
and ecosystems refers to those sciences 
that can (and must be) fully formalized and 
informative, despite the fact that the objects 
of their study are extremely complex. The 
new branch “Informatics in Biodiversity and 
Ecosystems” (BDEI — БRЕІ) was officially 
started at this meeting. It was emphasized 
that the diversity of living organisms in 
nature is an impressive feature of our reality. 
As a result of biodiversity existence, the 
people of the Earth were provided with clean 
air and water, food, homes, medicine, and 
etc. Finally, the biodiversity based on the 
existence of ecosystems gives billions dollars 
to national economies of different countries, 
either directly, through the agriculture, 
forestry, fishing, or as a result of protecting 
crops, pest control practices, soil restoration, 
carbon dioxide removal, nitrogen fixation, 
environment perfection. Obviously, this 
was one of the most important areas of vital 
importance; and it is important in terms of 
science, education, economics and government 
control. Therefore, the development of 
electronic ISs, which would enable to realize 
the scientific study of the nature at the modern 
level, educational work and rational economic 
development of nature with the support of 
governments, was one of the most important 
tasks of that time. It was emphasized that 
for 2000-th year humanity has not had yet 
sufficiently good IT/CT tools for the solution 
of such problems. Therefore, it was necessary 
to invent a new generation of such means, 
including means of satellite environmental 

control and computer processing of obtained 
biological information. At the same time it was 
necessary to solve the problem of matching 
and ordering into the linked DBs the entire 
volume of biological data of various natures, 
both obtained by digital and classical means 
during the centuries. This task was extremely 
complicated, since in electronic databases in 
ISs should be ordered  the latest digitized data 
at the level of molecular biology, genetics, 
biochemistry with its processes and reactions, 
as well as the data from field observations 
of species, observations of changes in the 
environment, data of classical taxonomy (and 
they should correlate with each other!) At 
the same time, these data should be in such 
form, that they can be processed, analyzed and 
compared jointly. One such IT/CT tool for this 
period was called the “Super Blue Gene”, it 
was the supercomputer which IBM started to 
develop on 2000 for the analysis of thousands 
of protein molecules composition of various 
species living on the Earth.

Classification of information systems with 
databases for biology and medicine. Primary 
there were no specific information systems 
developed specifically for biotechnology — 
it was economically unjustified. The first 
developed tISs were accepted from both 
spheres, either medicine or biology, for all 
the works in biotechnology. Later some of 
such tISs were modernized and adapted for 
biotechnological tasks. Therefore, below we 
offer the classification of tISs developed for 
medicine and biology that became the resource 
of the data and procedures for biotechnological 
works. Let’s observe the examples of various 
modern ISs with DBs in biology and medicine, 
information about which was published since 
2000. Despite the diversity of such systems 
(and, accordingly, despite the diversity of 
publications), it was possible to distinguish 
certain well-defined types of ISs among them. 
It should be noted that such classification 
in the finished form in the scientific and 
technical literature until 2008 did not exist; it 
is original and the author made it on the basis 
of materials of about 166 publications.

Presence of large variety of tISs’ versions 
in modern medicine was due to a good funding 
of the works related to medicine and health 
protection in the world. Thus, among the ISs 
with DBs for medicine one can distinguish (Fig. 
1): medical ISs of general purposes, expert 
systems, electronic systems for working with 
images, electronic systems for working with 
medical documents, systems for scientific 
purposes, library medical systems, electronic 
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educational systems in medicine, electronic 
medical databases.

To the first positions in this list we placed 
the systems, information about which was 
published in the most numerical contemporary 
scientific and technical sources. For example, 
the group “Medical ISs of general purposes” 
included large and complex medical ISs 
developed for hospitals, medical research 
centers, etc. They united large numbers of 
sectors, DBs, electronic libraries and other 
services, sometimes complex networks with 
information defense and etc. The developers 
payed great attention to them, respectively, 
because of health care and health protection 
purposes. Such ISs were of the greatest 
demand of users, often embodied in practice 
in modern hospitals, laboratories and etc. So, 
these ISs felt into our section “Medical ISs of 
general purpose”. This can be explained by 
the practical needs of clinical medicine, which 
requires the most of such versions. 

When viewed the list of ISs classification 
from the top to the end, the number of 
publications corresponding to one specified 
type of the system decreases, and in the section 
“Electronic medical databases”  felt to the 
lowest number of publications. This does not 
mean that electronic medical DBs were not 
important in medical practice. Such pattern 
could also be explained by the fact that the 
procedure for creating of such databases is 
standard, described in university textbooks, 
and perhaps the developers of such DBs did 
not see them as novelty, required for scientific 
publications.

Describing the classification of electronic 
ISs in biological sciences, it was necessary to 
tell that such ISs types can also be successfully 
applied in biotechnology. Placing these ISs 
types in hierarchy (Fig. 2), we followed the 
same principle as above: the more publications 
contain modern scientific and technical sources 
about this type of systems; respectively, the 
higher its name was in our list. Similar types 
of systems in biology and medicine we marked 
with the same hatch (for example, “Electronic 
systems for working with images”  are marked 
by a square hatch for all branches; Fig. 1, 2). 
Regarding to the classification of ISs in 
biology, most of them were scientific ISs 
with DBs according to their purposes and the 
developers paid the main attention to them. 
Such situation looked like similar to “Medical 
ISs of general purpose”  from Fig. 1. At the same 
time, such scientific systems in biology also 
performed educational functions, so, they are 
(and may be called) “Educational ISs”. Further, 
according to the attention of developers, and 
consequently, according to the number of 
developed systems were electronic libraries in 
biology and biological databases. There were 
relatively not numerical publications about 
the systems designed for the work with images. 
Abovementioned could not be applied to 
systems for the work with images in anatomy, 
cytology — such systems were numerous, 
quite thoroughly developed, because they 
support some medical operations (for example, 
surgeons) and computer diagnostics are based 
on them also. But in our classification, they 
were at the third position from the top in the 

Fig. 1. Information systems with databases for medicine that could be applied in biotechnology [1]
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classification of ISs for medicine, because they 
are necessary for the needs of this sphere; so, 
they were first developed and applied with 
equal intensity in medicine and in biology. 
Computer expert biological systems were the 
most close to the biotechnological practice, for 
example, for the estimation of pests’ presence 
on fields, for bee diseases identification, and 
etc. Thus, the classification of ISs for biology 
could be presented as: scientific ISs with 
DBs (also performing educational function), 
electronic library systems in biology, electronic 
databases in biology, electronic systems for the 
work with images, expert systems in biology 
(including ones for solution of scientific 
problems in biotechnology) (Fig. 2).

Information systems with databases in 
biotechnology and some related biological 
sciences. Let’s observe the examples of ISs with 
databases in the fields of biology, such as: 1 — 
biotechnology, and namely, those areas where 
data were used to study the genome, molecular 
biology and pathophysiology, 2 — related 
branches of biology, in which biotechnological 
works are also represented: biodiversity, 
ecology, adaptive biology. Our attention to the 
designed electronic ISs in these spheres was 
due to the fact that the author has her own 
researches in them during long years.

Technical information systems (tISs) in 
biotechnology, molecular biology, patho phy-
sio logy, genome studies. Some time ago, the 
achievements in these areas of biology were 
limited by enough low level of individual 
genes and biological molecules studies, but 
accelerated development of computer and 
ISs for biotechnology made it possible to 
solve such important tasks as, for example, 
computer scans of thousands samples per day, 
high-resolution detection systems (thousands 

of data points, for example) and the creation 
of appropriate electronic ISs. In the United 
States, the National Center for Biotechnology 
Information (NCBI) has a collection of data-
bases with genetic sequencing data, decoded 
protein structures, and other biologic infor ma-
tion that are updated constantly, and expan-
ding exponentially.

NCBI published the 146th issue of GenBank, 
this is a publication on the gene sequences 
database, which contains an information on 42, 
734, 478 gene sequences (February 15, 2005). 
Before there the results of the full decoding 
of human genome were published (February, 
2001). These events had demonstrated two the 
most prominent achievements in these areas 
over the previous 10 years. An outstanding 
feature was that a large set of biological data 
has been constantly and completely digitized 
and recorded into the memory of computer 
domains of electronic ISs for the first time in 
the world scientific practice, which became 
an influential factor of the progress in this 
field. Today, in addition to human genome, 
there was continuous work on decoding the 
genomes of many other living organisms, 
such as mammals, agricultural, viral and 
bacterial organisms, which gives humanity 
fundamental knowledge about the information 
basis of living systems. Another fundamental 
discovery of modern biotechnology had become 
the “high-capacity”  scan of genome, in which 
the integrativity (polymorphism of a separate 
nucleotide) and the activity (gene expression 
profiling) for each gene in the same genome 
can be recorded from the same sample.

This was done by using a technology of 
DNA milieu platform that can detect tens of 
thousands of genes, using a small functional 
system like a post stamp, with data immediately 

Fig. 2. Biological information systems with databases that could be applied in biotechnology [1]
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recorded into computer’s memory. Information 
coming from the laboratories working with 
DNA milieu platforms contained thousands of 
gene-specific measurements per day. So, the 
general result of the work with the use of such 
revolutionary technologies also depended on 
the level of used integrated ISs for the analysis 
and recording of the data, as well as from 
the computer system for this gene-specific 
detection (hybridization). 

In the United States, the Food and Drug 
Administration (FDA) has published guidelines 
for the development of biotechnological 
methods, including such as DNA milieu 
technology platforms, for their use in genetic 
prognostication and diagnosis of humans; there 
were indicated that such methods actually 
initiated a revolution in medicine, which 
became “more personalized”  with their use.

Progress in biochemistry and genome 
studies faced new challenges, stimulated the 
development of other branches of science, 
interdisciplinary research. For example, in [1, 
100] it was demonstrated that as a result of 
the necessity of processing of a huge amounts 
of experimental data obtained using modern 
automated experiments in biochemistry, 
molecular biology, there was a need to create a 
new set of computer methods and optimization 
techniques. The peculiarity of such situation 
was that many of the important problems 
arising from the researches in computer 
biochemistry and gene analysis could be 
formulated in terms of certain combinatorial 
optimization problems in specially constructed 
graphs. The authors of the article developed 
such approaches and offered them to solve 
new biological problems. The methods used 
in bioinformatics have been called “the use 
of mathematical, statistical and computer 
tools for analyzing of biological data”.  These 
were sorting of sequences, phylogenetic 
trees, predictions of structures, and various 
modeling methods. Later the recognition was 
added to this set. Speaking about the main 
fields of application of computer methods 
in modern gene and molecular biology, ones 
told about the study of DNA chains sequences 
formation, collection of these chains, mapping 
of genomes, comparison of sequences and 
analysis of phylogenetic relationships.

The natural extension of IT/CT application 
in the study of genome and molecular biology 
phenomena became the field of study and 
correction of metabolic disorders with IT use 
[1, 101, 102, 107]. The study of metabolic 
disorders was focused on the research of 
metabolic mechanisms, the search for effective 

treatment methods, and improvement of 
clinical diagnosis during the XX century. 
The successes that have been achieved in 
deciphering of gene sequences and associated 
metabolic data, the success in the development 
of ISs based on the databases of genome and 
molecular biology research results, elaboration 
of database on protein and other biomolecules 
important in terms of metabolism, allowed ones 
to transfer some of the developed computer 
methods to the field of study of metabolism 
and its disorders. In this article the analytical 
strategies for bioinformatics were used to 
process current data both at genome level and 
at level of metabolism, and then the results 
were combined to explain certain metabolic 
disorders. For the analysis of biomedical 
data in disorders the PathAligner Internet 
Information System was used, and the results 
were shown on example of urea cycle disorders.

The “Petri net” model was designed to 
assess the regulation both at the gene level 
and at the metabolic level. To explain the 
regulation of the urea cycle, the transcription 
factors and signaling pathways were also 
analyzed. It is known that gene/metabolic 
defects often cause metabolic blockade and 
lead to the metabolic disorders. In accordance 
with the current state of development of 
methods and concepts of bioinformatics for 
the analysis of metabolic disorders, it was 
necessary to understand first the ways of 
reactions that are effected by encoded gene 
information (directly or indirectly) and to 
find out how the modification of the reaction 
phases and the depletion of metabolites 
reserves affect the overall response of the 
system of reactions. For the solution of 
these problems the methods of biomedical 
information search and system modeling were 
used. The PathAligner Web-based system was 
used to allow users to navigate easily in genetic 
and metabolic related information. The “Petri 
net” methodology was used to create a model of 
biomedical system. For example, in the system 
of urea cycle modeling, a huge volumes of the 
data from different databases were used; as 
a result of which the authors described the 
metabolic paths and mechanisms, regulatory 
schemes, and etc. Subsequently, the authors 
wanted to extend these methods to the study 
of rheumatoid arthritis and other diseases. 
The design and analysis of signal network 
allowed the authors to verify the integrity of 
the data set. The “base network”  constructed 
by the authors was useful for the next 
simulation, forecasting and comparison 
of various cellular systems. The obtained 
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graphical results and the results of dynamic 
modeling made it possible to understand 
intuitively the logic of cellular metabolism. 
Thus, the applied methods of bioinformatics 
could be considered as non-invasive methods 
for studying of the functions of genetic and 
metabolic systems.

The authors of [102] believed that on 
the basis of their developed methods of 
bioinformatics, the method for integrating of 
the data and procedures for the modeling of 
“Petri net” will be following: 1 — to integrate 
biological and biomedical data; 2 — to create 
functional structure models; 3 — to predict 
genetic predisposition to pathologies, disease 
detection, improved diagnosis, development of 
new drugs, toxicology; 4 — to use alternative, 
compensatory metabolic paths instead of 
damaged, and etc. As a result, the scientists 
would be able to use such system analysis, for 
example, to prevent metabolic disorders and 
comprehensive testing of drugs before their 
traditional laboratory testing. The authors 
considered that their main achievement is 
to integrate various levels of metabolic data 
using the existing methods of bioinformatics 
and computer-based methods on the basis 
of the databases. They believed that the use 
of IT/CT can simulate a general scenario of 

how biomedical systems work, which clinical 
manifestations can have changes in genes 
and, consequently, the false changes in the 
paths of chemical reactions (which follow gene 
changes); so, what measures are necessary for 
the prevention of various human pathologies, 
including oncopathology [110, 111]. Examples 
of such works using the newly created tISs 
could be illustrated by Figures 3, 4. Thus, 
in [110] (Fig. 3), as a result of processing of 
experimental data from elaborated databases 
in the corresponding tIS, the authors had 
found “clusters enriched for genes involved 
in both cell cycle regulation and cell division, 
which is biologically reasonable in a cancer 
orientated dataset”. Than they have evaluated 
their method on both synthetic and gene 
expression analysis problems.

 In other publication [111] (Fig. 4) using 
the tIS with linked databases with the obtained 
experimental data, and as a result of automatic 
processing of these data, the authors wrote 
that their results provide a novel molecular 
stratification of the breast cancer population, 
derived from the impact of somatic copy 
number aberrations on the transcriptome.

Information systems developed in other 
spheres of biology, data from which were used 
in biotechnology: biodiversity, ecology, zoology 

Fig. 3. Clustering of covariance structure (explanations see in text) [110]
Above: The gene expression matrix. LI,j: expression level of gene I in probe j. 
Below.  Left: k-means using correlation distance. Middle: agglomerating of hierarchical clustering using 

average linkage and correlation distance. Right: DPVC MCMC
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[113, 114, 117, 120–122, 134–136, 139–141, 
146, 147]. In this chapter let’s review the 
experience of elaboration of ISs based on the 
databases about insects and some other living 
organisms. The development of such tISs 
started in the late 1990-th [112]. These systems 
were named EuroLOOP and BioNET [112].  
EuroLOOP was suggested as database about 
the insects and some other living organisms 
in Europe. BioNET was developed as similar 
database system but of a larger scale which, 
in addition to the databases about European 
organisms, included collections and data analysis 
from organisms in some African countries. 
Later BioNET became a well-known global 
system. In these two systems developers have 
acquired the first experience in construction of 
informational biological systems, taking into 
account the specifics of biological objects and 
data. This experience has been used further by 
ISs’ developers in other countries.

Later and more perfect examples of 
development and use of electronic databases 
in Internet with a purely academic purpose 
were following two projects [113, 114]. 
The “Tree of Life” Web project [114] was 
a good electronic resource for finding of 
information, relevant links and hyperlinks 
on animal and plant diversity (http://tolweb.
org). This project satisfied the needs of one 
who interested in information about the 
certain groups of organisms. The project was 
started in early 1980-th by David Maddison 
and later it was supported by scholars and 
amateurs throughout the world. The site was 

structured in the form of a tree with roots, 
branches and leaves. So-called page-branches 
were branched off, reflecting the fact that 
some groups of organisms can be further 
subdivided into subgroups due to the certain 
differences in their genotypes. Unlike such 
groups, phylogenetic groups that formed 
leaves (and, respectively, in ISs, leaves-pages) 
corresponding to the terminal groups that are 
not subdivided into subgroups in nature [114].

If one could go to any page (“branch”  or 
“leaf” ), one can find a brief overview of the 
most important characteristics of a certain 
group of organisms. In addition, one can 
access a collection of relevant scientific 
articles, other accessible Web-resources, notes 
and comments with additional information 
and so-called “Treehouses”  [114], which were 
designed for the children as a teaching Web-
resource. For the most pages the pictures of 
described organisms — colored illustrations 
there were presented also.

If the previous databases about the insects 
were first developed for the Euro-African 
region, the following two electronic DBs about 
insect pathogens were visualized in Internet 
on 1996 [87]. They were developed in the 
United States and Japan, and they are updated 
by the material mainly from these regions. 
For example, in the United States there were 
already many databases about the different 
groups of living organisms of this country, 
such as ANIMAL INFO — Animal Bytes; this 
was a site for various organisms of animal 
world, from worms to mammals.

Fig. 4. Trans-acting aberration hotspots modulate concerted molecular pathways 
(explanations see in text) [111]
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Later the development of IS with living 
organisms databases started in India, where 
a technically more complex BODHI system 
[117] with biodiversity data was elaborated 
(Fig. 5). The works were conducted under the 
supervision of Biotechnology Department 
of the Ministry of Science and Technology 
with the support of India Government [117]. 
In electronic databases of this system there 
should be accumulated the plant world 
information. The BODHI authors considered as 
it unique characteristic the possibility to store 
different types of the data at different levels: 
from molecular level to organism level. These 
data also included taxonomic characteristics, 
geographic distribution, genetic sequences, 
and others. For the work with these data some 
specific indexing strategies were developed 
and used to enable these data access. A special 
processor was designed to optimize the 
execution of queries. The BODHI system was an 
integrative database system, it was an object-
oriented system in which complex objects form 
a subordinate hierarchy and sequences that are 
similar with biodiversity domain in nature.

BODHI was considered to be the first system 
of nature in which such integrative approach 
and data aggregation are implemented at 
different levels of hierarchy systems [117]. 
The system was based on licensed and accessible 

software and it is provided free of charge. It 
was implemented on the basis of PC Pentium-
III with the operating system Linux. Access 
to the data in database was carried out on the 
basis of the structures described in technical 
literature. For example, the Path-Dictionary 
and Multi-key Type can accelerate the access 
in inheritance and aggregation hierarchies, 
while R* -tree and Hilbert R-tree were used 
to control spatial queries. BODHI server was 
compliant with ODMG, it supports OQL/ODL 
queries, and data modeling interface. In order 
to permit biologists intuitively easier to work 
with this system, BODHI also supported access 
through a Web client-server model, where 
the client generated its requests through the 
HTTP protocol and CGI-bin scripts, and results 
are displayed using the browser interface. And 
finally, the server was “XML-friendly” , the 
object-results are displayed in XML format, 
which allows their visualization (Fig. 5) [117].

Developers created BODHI not only as 
database system by itselves, it plays a more 
important role. It is also a central repository 
that provides users with a common platform 
for information exchange, decision making, 
packet visualization, and etc. The role of 
BODHI developers is similar to the role played 
by the Management Information Base (MIB) 
system in the management of networks in 
telecommunications.

Information systems with databases about 
biological objects developed for the global 
networks. Contemporary electronic databases 
with access to the Internet with information 
about living organisms were the tISs, designed 
during the last 25 years. They were designed 
either for academic purposes — to maximize 
the accumulation of information on groups of 
living organisms, or for the needs of economy, 
in particular, for conducting of ecological 
monitoring, including monitoring of polluted 
environments. Today all such tISs are network-
based and linked with databases [1, 10, 11, 25, 
41, 42, 60–62, 67, 69–71, 90–94, 96–113, 
116, 119–126, 133–140, 143–146].

Let’s observe several tISs, in which the 
numerous electronic collections (they are 
ordered into the databases about the biological 
organisms) were connected into the one 
network, uniting segments in different world 
regions. A number of databases united into 
such a system should contain information on 
the types of bioorganisms, their variability, 
biodiversity, which during monitoring are able 
to reflect the effect of environmentally harmful 
influences on these bioorganisms [1, 12, 17, 22, 
25, 29, 98–100, 108, 117]. Data from already 

Fig. 5. Scheme of BODHI system architecture 
(Bedathur) [117]
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developed networks with electronic databases 
demonstrate the high variability of taxonomic 
groups on a global scale (for example, informa-
tion from the Global Biodiversity Information 
Facility), the variability of taxonomic groups 
in different regions of the Earth (for example, 
the European Natural History Specimen 
Information Network) and the variability 
of areas of the specific taxonomic groups 
distribu tion on a planet scale (for example, 
the Mammal Networked Information 
System — MANIS) [113]. In frameworks of 
these projects, the data ordered in disparate 
electronic databases developed by implementing 
institutions were linked over the Internet using 
modern network technologies. In such a way 
the data of separate and previously disparate 
electronic collections were actually merged into 
a single, large-scale centralized collection. So, 
the user could, in response to one request to 
receive an information simultaneously from all 
collections of institutions participated in these 
projects. These networks contained information 
about 20–40% of species (approximately 60 
million electronic records) up to 2008 [113]. 
Consequently, since the basic information about 
numerous species had already been ordered in 
the electronic database, it was necessary to do 
the further steps — the addition to biological 
data the relevant geographic information, 
standardization, detection of errors and the 
completion of already developed databases 
with information about the new species from 
databases of other networks. The authors 
considered that fulfillment of these tasks in the 
context of already developed IS would greatly 
improve the quality of all ISs in general. Thus, 
during the creation of the MANIS database, the 
electronic records from geographic databases 
were recorded into it, for example, with the 
information about latitude and longitude, and 
in process of geographic location determining 
an error was estimated [113].

Standardization of taxonomic informa-
tion — the presentation of generally accepted 
non-conflicting names of species — is another 
difficulty, if to take into account that 
information about these species is distributed 
(and comes to the user) from/to geographically 
remote compartments of the global network, 
and such information may differ in databases 
created in different regions of the world. 
The work on the collecting and recording of 
taxonomically correct information about 
different species is of priority task, since the 
practical value of the whole project depends on 
the validity of such information. Consequently, 
a lot of efforts would be necessary for taxonomic 

electronic information correction on a global 
scale, taking into account also the fact that 
taxonomy studies are constantly ongoing 
worldwide, and therefore, such information 
in electronic databases should be constantly 
updated and standardized [1, 113].

The similarity of collection contents and 
observational data in such databases, including 
Darwin Core (http://speciesanalyst.net/docs/
dwc/) and the group that solve the task of access 
to biological data collections (Task Group on 
Access to Biological Collection Data-ABCD; 
http://www.bgbm.org/TDWG/ CODATA/
Schema/default.htm) [1, 113] allowed ones to 
search for ordered information and to get it 
from different data sets. In the framework of 
some projects, standardization of taxonomic 
information, which has been distributed in 
networks, has already been carried out. Such 
projects included the Integrated Taxonomic 
Information System (http://www.itis.usda.
gov/), Species2000 (http://www.sp2000.
org/) and the Electronic Directory of Names 
of Famous Organisms (Electronic Catalog 
of Names of Known Organisms — ECAT; 
http://www.gbif.org/prog/ecat/prog). The 
databases for these projects were developed 
in close cooperation between taxonomists 
and researchers in other fields that provided 
their data. For data transmission through the 
Internet within these projects, freely available 
software was developed by Distributed Generic 
Information Retrieval (DiGIR; http://digir.
sourceforge.net/) for the Darwin Core project 
and BioCASE Data Transfer Protocol (http: //
www.biocase.org/) for the ABCD project. These 
client-server protocols provided a single source 
of access to the data received from the few data 
sources [1].

Information systems with databases, which 
combine characteristics of both medical and 
biological ones. In many recent publications 
it has been demonstrated that development 
of ISs with databases in medicine and biology 
is gradually reducing the distance between 
biological sciences and medicine [1, 120, 132]. 
This happened due to number of reasons, but 
mainly because of the fact that many stored 
data can be used both in clinical practice 
and in biological research [1]. Besides of 
this, such branch as biotechnology occupied 
intermediately positions between these 
sciences by themselves. Thus, the library 
system BioMedNet, which contains abstracts 
of well-known biological and medical journals, 
is used by biotechnologists, physicians and 
biologists as well. The same one can say 
about the library system Academic Press and 
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Springer, which contain a large number of 
full-text journals, necessary for biologists and 
doctors both. To the database with information 
about proteins and decoded gene sequences 
apply many professionals — biotechnologists, 
doctors, specialists from many other biological 
specialties. In article [120] it was noted that this 
situation led to the introduction in the United 
States, primarily at Columbia University, of 
new courses in the educational process, which 
combine biological and medical informatics. 
After the analysis of the state of the problem, 
the course “Theory and Methods of Biomedical 
Informatics” was developed there and 
approved for studying. A similar course was 
also studied in the Stanford University. The 
article [132] outlined the latest for these years’ 
methodologies for the development of ISs with 
databases. These methodologies were based on 
ontological principles, the developments of ISs 
with “mixed” information were used widely; 
and they combined both the databases with 
gene information and clinical databases. New 
ontological methods for development of such 
ISs were needed to facilitate the information 
search, access to it, and obtain it from the 
remote Internet resources. One of the areas 
of application of new ISs developments are 
biotechnology and biomedicine. These spheres, 
on expert opinions, would lead soon to new 
scientific achievements and would accelerate 
the works on the program “Human Genome 
Project”. The development of such newest ISs 
in biotechnology and biomedicine were being 
conducted by European Commission programs, 
for example, the INFOGENMED project [1].

Types of information systems that occupied 
intermediately positions between biology and 
medicine. As an example of such systems we 
can observe a neurophysiology; moreover, 
many professionals in biotechnology are 
interested in the data obtained in this 
sphere. Neurophysiology as a branch is at 

the “intersection” between medical and 
biological sciences. So, some peculiarities of 
ISs’ classification there were similar to both 
biology and medicine (let’s compare figures 1, 
2, 6) [1]. Sure, it did not have “Medical ISs of 
general purpose”  group because there is not 
need in their development — such tasks are 
important for medical practice only. However, 
the neurophysiology deals with the solution 
of purely scientific problems, so developed 
electronic systems here have to facilitate their 
solution. There are also the need to develop 
own large databases and electronic library 
systems to store numerous experimental 
neurophysiological results and data from 
literary sources. So, in the classification list for 
neurophysiology, some items would coincide 
with the list for medical ISs, and some — 
with biological ISs. As a result, the general 
classification for the field of neurophysiology 
acquired the following form (Fig. 6): expert 
systems in neurophysiology (including 
ones for the solution of scientific problems), 
electronic systems for the work with images, 
electronic library systems in neurophysiology, 
and electronic databases in neurophysiology [1].

We could forecast that classification 
list of ISs types for biotechnology will 
demonstrate similar regularities as ones for 
neurophysiology, because this sphere is also at 
“intersection” between biology and medicine; 
but final correct conclusions we will be able to 
make after the upcoming additional studies. 

Thus, at the current level of development 
of computer technologies in the medical and 
biological practice both older ISs according 
to time of their development, as well as more 
recent ideas, methods, technologies and 
developments coexist successfully [1]. Their 
role and the attention given to their application 
are determined by practical activity. The 
reasons of the fast development of ISs with 
databases in these spheres are the burst-like 

Fig. 6. Information systems with databases in neurophysiology [1]
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increase in the amount of input data, which 
requires the appropriate development of 
database management systems and ISs.

Medical ISs obtain better funding then 
biological ones usually, the period of their 
intensive development was during the last 
22–25 years. Consequently, medical ISs 
demonstrate the greater number of varieties in 
comparison with biological ones [1]. The first 
biological ISs were developed on 1980–1990-th, 
but the period of their intensive development 
was the last 15–16 years. Among the biological 
ISs, the first ones are those related to industry 
(biotechnology), medicine (for physiology, 
brain biology, etc.) and business (database 
with information on biological medicinal 
products, sales sites, and etc.) With regard 
to such biological ISs, which contain purely 
academic information, the classification of 
living organisms, taxonomy data and etc., their 
examples are not numerical today in comparison 
with medical ones [1], and their constructing is 
waiting for their developers still.

Comparing two classifications of modern 
electronic information systems — in medicine 
and biology, we can make some conclusions 
(Fig. 1, 2), basing on publications [1–132].

1. The medical ISs were characterized by the 
greatest variety and necessity for the practice.

2. Electronic ISs in biology were characterized 
by the greater proximity to scientific research.

3. Examining the numerous works on the 
development of various ISs in medicine and 
biology, we saw that developers are focused 
on the development of: 1) medical ISs of 
general purpose; 2) electronic library systems; 
3) electronic systems for working with 
documents; 4) expert systems.

4. In parallel with these types of systems, 
the following types of ISs were presented in the 
publications of world scientific and technical 
literature: 1) electronic systems for working 
with images; 2) systems for scientific purposes; 
3) electronic teaching systems, and etc.

The latter conclusion reflects the fact 
that the procedure of electronic teaching 
systems constructing is well developed and 
does not require special publications, then the 
elaboration of electronic systems for the work 
with images and systems for scientific purposes 
solves often the unique priority tasks, which 
also results less number of publications with 
the description of such systems. As example of 
biological ISs the BODHI system we observed 
more attentively. It was an integrative 
database system, an object-oriented system 
in which complex objects form a subordinate 
hierarchy and sequences that are similar with 
biodiversity domains in nature [117]. 

So, in present publication we generalized 
and analyzed the experience of electronic 
information systems with databases use; 
and such systems may be used for tasks 
solution in biotechnology. We examined 
ISs from numerical scientific and technical 
publications, suitable for the solutions of 
different tasks in biotechnology. Then we 
classified such systems, which traditionally 
refer to both biological and medical sciences. 
Further we observed different examples of 
such information systems, as well as systems 
that have characteristics both medical and 
biological in order to facilitate the invention 
of future more advanced electronic 
information systems for biotechnological 
purposes. 
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Метою роботи було узагальнити  та проана-
лізувати використання електронних інформа-
ційних систем у біотехнології для створення 
нових версій цих систем. Опрацьовано публі-
кації стосовно систем різних типів, придатних 
для вирішення проблем у біотехнології. Подіб-
ні системи, які традиційно належать до біології 
і медицини, було класифіковано. Розглянуто 
перспективи їх застосування  для розроблення 
в подальшому більш досконалих електронних 
систем.   
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Целью работы было обобщить  и проанали-

зировать использование электронных инфор-
мационных систем в  биотехнологии для  соз-
дания новых версий этих систем. Изучены пуб-
ликации относительно систем разных типов 
для решения проблем в биотехнологии. Подоб-
ные системы, которые традиционно относятся 
к биологии и медицине, были классифицирова-
ны. Рассмотрены перспективы их применения 
для разработки в дальнейшем более совершен-
ных электронных спстем. 

Ключевые слова: биоинформатика, электрон-
ные информационные системы, базы данных.
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Diphtheria toxin (DT) is one of the most 
important pathogenic factors of diphtheria 
bacilli Corynebacterium diphtheriae [1–4]. It 
consists of single polypeptide chain, which can 
be broken into two subunits A and B. Subunit 
A possess catalytic activity, and subunits B 
is responsible for binding to diphtheria toxin 
receptor HB-EGF (heparin binding EGF-like 
grows factor) on cell surface [5].

Diphtheria is an infectious disease that 
affects only humans. Highly infectious disease 
can be transmitted from human to human 
airborne. This disease was very dangerous and 
killed amount of humans until vaccination 
era. Vaccination by diphtheria toxoid is one of 
the precautions that can be taken against this 
disease [6]. 

Vaccination with the diphtheria toxoid 
was discovered by Ramon Gaston during 
the 1920s has been used in medical practice. 
Currently, vaccination against this disease 
depends on cultivation of C. diphtheriae bacilli 
in bio-secure conditions and inactivation of 
toxin by chemical methods. New generation 

more effective vaccines need to be developed. 
In the last few decades the studies to develop 
a recombinant vaccine against diphtheria 
focused on obtaining inactive mutants of DT- 
toxoids. For this reason, using adjuvants in 
order to obtain a more robust immune response 
is aimed.

Particle carriers are effective delivery 
systems for antigens and increase the antigen 
uptake on cellular level. They are effective on 
controlled antigen release and can protect the 
antigen integrity from degradation [7]. 

Fortunately, modern nanotechnology 
provides new scientific means for mucosal 
immune response regulation. Biodegradable 
and biocompatible polymers, like poly(D,L 
lactide-co-glycolide) (PLGA), are widely 
used for the design of mucosal immunizing 
tools. PLGA, which one of the most widely 
used co-polymer, is a biopolymer approved 
by FDA and has several advantages such has 
inert properties in physical environments, 
degradability in biological environments, 
biocompatible properties and being able 
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The aim of the study was to synthesize poly(D,L-lactide-co-glycolide) particles — PLGA and 
obtain their complexes with a non-toxic diphtheria toxin recombinant fragment subunit B fused 
with enhanced green fluorescent protein EGFP-SubB; to characterize the main physical and 
chemical properties of the resulting complexes.

Two types of the diptheria toxoid loaded PLGA microparticles were obtained: particles with 
immobilized diphtheria toxoid (PLGA 1) and particles with encapsulated diphtheria toxoid 
(PLGA 2). Micropartcles obtaines were characterized for antigen loading, particle size, 
polydispersity index and in vitro antigen release.
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to be degraded into non-toxic products 
[8]. Importantly, that the way of particle 
preparation plays an important role in PLGA 
biodegradation and antigen release. 

It is believed, that strong induction of 
antitoxic immunity in mucosal tissues can 
protect the body against the infection. All 
current diphtheria vaccines have parenteral 
route of administration. Such vaccines results 
in formation of high serum antitoxin levels in 
the blood, predominantly IgG class. However, 
most important role in the mucosal surfaces 
protection is playing secretory IgA antibodies 
[7]. Undoubtedly, oral administration of 
antigens would be the most patient-friendly 
way of immunization. However, the efficacy of 
free antigens oral administration is limited by 
their degradation in the gastrointestinal tract 
and poor absorption by M-cells (microfold cells) 
in the follicle-associated epithelium of the 
Peyer's patches, which play the major role in 
stimulating mucosal immunity [8].

Particle carriers are effective delivery 
systems for antigens and increase the antigen 
uptake on cellular level. They are effective on 
controlled antigen release and can protect the 
antigen integrity from degradation [9]. 

Fortunately, modern nanotechnology 
provides new scientific means for mucosal 
immune response regulation. Biodegradable 
and biocompatible polymers, like poly(D,L 
lactide-co-glycolide) (PLGA), are widely 
used for the design of mucosal immunizing 
tools. PLGA, which one of the most widely 
used co-polymer, is a biopolymer approved 
by FDA and has several advantages such has 
inert properties in physical environments, 
degradability in biological environments, 
biocompatible properties and being able 
to be degraded into non-toxic products 
[10]. Importantly, that the way of particle 
preparation plays an important role in PLGA 
biodegradation and antigen release. 

In this study, diphtheria toxin subunit B, 
genetically fused to EGFP, encapsulated PLGA 
micro-particles were synthesized for using 
vaccine models. Synthesized microparticles 
were characterized by scanning electron 
microscopy (SEM), loading yields and antigen 
release under acidic pH were measured. 

Materials and Methods

Materials
In the work there were used: acrylamide, 

N,N-methylenebisacrylamide from AppliChem 
GmbH (Germany); 2-mercaptoethanol from 
Helicon (Russia); plastic Petri dishes from 

Greiner BioOne (Austria); kanamycin, 
glucose from “Kyivmedpreparat”, Arterium 
Co. (Ukraine); poly(lactic-co-glycolic 
acid) — PLGA, polyvinyl alcohol (PVA), 
dichloromethane (DCM), fetal bovine serum 
(FBS), LB medium, NaN3, RPMI-1640 
medium with L-glutamine, sodium dodecyl 
sulphate (SDS), stock solution of amphotericin 
B, penicillin G and streptomycin for cell 
culture, Trisma base, Triton X-100, urea 
from Sigma (USA); imidazole from Shanghai 
Synnad (China); KCl, NaCl, Na2HPO4, 
NaОН, KH2PO4 from Miranda-C (Ukraine); 
bovine serum albumin (BSA), isopropyl -D-
1-thiogalactopyranoside (IPTG), nickel-
nitrilotriacetic acid-agarose (Ni-NTA 
agarose), prestained protein markers for gel 
electrophoresis from Thermo Fisher Scientific 
(USA).

All chemical reagents were of analytical 
grade. Ultra-pure water was acquired from 
Adrona Water Purification system.

Antigen preparation
The recombinant proteins used in this 

study: EGFP, EGFP-SubB, were obtained as 
previously reported [11]. Briefly, bacterial 
culture of Escherichia coli BL 21 (DE3) Rosetta 
(Novagen, Reno, NV USA) transformed by 
corresponding genetic constructions was 
grown at 37 C under intensive stirring 
(250 rpm) up to extinction A600 — 0.5–0.7. 
Expression of the proteins was triggered via 
incubation with 1 mM of isopropyl -D-1-
thiogalactopyranoside (IPTG) up to 3 hours 
at 30 С under intensive stirring (250 rpm). 
Recombinant protein was purified by the Ni2+-
NTA-agarose column chromatography with 
imidazole elution gradient and stored in PBS, 
рН = 7.2. 

Electrophoretic separation of proteins
Electrophoresis in polyacrylamide gel with 

sodium dodecyl sulfate was performed following 
the modified method by H. Schagger [12].

Preparation of Microparticles
Two types of PLGA particles were prepared 

and characterized: particles with immobilized 
diphtheria toxoid (PLGA 1) and particles with 
encapsulated diphtheria toxoid (PLGA 2).

(1) The PLGA particles of the first 
type (PLGA 1) were prepared by solvent 
displacement method [13]. Briefly, 3 ml of 
0.5% w/v PLGA (lactide:glycolide — 65:35) 
(Sigma-Aldrich Co., St. Louis, USA) in acetone 
were added drop-wise to 30 ml of pure distilled 
water under magnetic stirring. Acetone was 
evaporated overnight at room temperature. 
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Afterwards particles suspension was filtered 
through 10 μm filter. PLGA 1 particles were 
collected by centrifugation at 12,000 g for 
3 min and resuspended in PBS contained 
protein (1% w/w PLGA). The emulsion was 
stirred overnight on magnetic stirrer at 4 С. 
Afterwards, the particles were collected by 
centrifugation for 20 min at 12 000 rpm the 
pellet was resuspended in 1 ml of PBS and 
stored at 4 С.

(2) The PLGA particles of the second type 
(PLGA 2) were prepared by previously reported 
method [14] with some modifications (double 
emulsification using solvent evaporation 
method). Briefly, 2 ml of 0.5% w/v PLGA 
(lactide:glycolide — 50:50) in methylene 
chloride were sonicated with 2 ml of protein 
solution (1 mg/ml) in 0.5% PVA by ultrasound 
homogenizer LabsonicM (Sartorius, Germany) 
for 2 min at an amplitude of 90%, and a 
duty cycle of 0.9 s. Afterward, the water-in-
oil emulsion was added to 8 ml of 3% PVA 
solution and sonicated in ice bath for 10 min. 
Obtained emulsion was stirred overnight 
at room temperature on a magnetic stirrer 
for evaporation of the organic solvents. 
Afterwards, the particles were collected by 
centrifugation for 20 min at 12 000 rpm the 
pellet was resuspended in 1 ml of PBS and 
stored at 4 С.

Characterization of Microparticles
In this study, obtained microparticles were 

detailed analyzed by following parameters: 
encapsulation efficiency (EE), drug loading 
(DL), particle size (Z-ave) and polydispersity 
index (PDI).

Antigen immobilization measurement
The electrophoretic separation of the 

obtained particles was carried out in a 
polyacrylamide gel with sodium dodecyl 
sulfate using the modified Schagger H. 
technique [12]. The effectiveness of antigen 
immobilization on the particles was determined 
by electrophoregram with densitometric 
method using TotalLab TL120 software. The 
effectiveness of antigen immobilization on the 
particles was determined by electrophoregram 
by densitometric method using Origin 8.0 
(OriginLab Corporation, USA) and Fiji 
(Open Source software project) [15]. The 
effectiveness of immobilization was calculated 
based on the ratio of protein concentrations in 
the solution before and after conjugation with 
the particles.

EE was determined by using of the 
supernatants obtained after centrifugation for 

each of microparticles and determined using 
the formula given below:

where AA — the amount of polypeptide 
initially added (mg);
AN — the amount of non-encapsulated 
polypeptides (mg).

The DL of polypeptide was calculated using 
the formula given below:

where AA — the amount of polypeptide 
initially added (mg);
AN — wherehe amount of non-encapsulated 
polypeptides (mg);
AM — Amount of prodused particles.

Particle Size and Polydispersity Index of 
Microparticles

Determination of particle size was carried 
out using two different methods: Nanoparticle 
Tracking Analysis (NTA) using NanoSight 
NS300 (Malvern Instruments, UK) and dynamic 
light scattering (DLS) using Zetasizer Nano ZS 
Analyzers (Malvern Instruments, UK).

SEM Measurements of Microparticles
Particles size and morphology were 

studied using a scanning electron microscopy 
method (SEM) performed on a Mira 3 Tescan 
microscope, with an accelerating voltage of 10 
kV, other parameter is shown on the pictures. 
To avoid sample charging during SEM 
investigation, samples was previously coated 
by thin conductive layer using Gatan Pecs, in 
this work we use 20 nm of Au/Pd. 

In vitro antigen release studies
To determine the effect of the medium 

pH on the antigen release rate, the PLGA 
particles loaded with the recombinant antigen 
EGFP-SubB were incubated at pH 1.2 in an 
environment that simulates the acidity of the 
gastric juice (solution of hydrochloric acid at 
pH 1.2) and as a control at pH 7.4 in phosphate 
buffer solution (PBS). The microparticles 
suspension was incubated in a shaking 
incubator (100 rpm) at a stable temperature, 
close to the temperature of the human body — 
37 С. Samples were removed from solutions 
at various time intervals: after 15 min, 
30 min, 60 min, 120 min and 240 min. Since 
the particles were loaded with fluorescent 

,

,
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recombinant antigen, the determination of 
their degree of degradation was carried out 
using Flow cytometry.

Results and Discussion

Encapsulation Efficiency and Drug 
Loading of Microparticles

A prerequisite for successful immunization 
and the development of an effective immune 
response is the sufficient amount of introduced 
antigen. In view of this, an important indicator 
is the effectiveness of the antigen sorption of 
particles.

We synthesized PLGA-based microparticles 
and conjugated them with the protein in two 
different techniques, which allowed obtaining 
two varieties of PLGA particles: particles with 
immobilized diphtheria toxoid (PLGA 1) and 
particles with encapsulated diphtheria toxoid 
(PLGA 2).

The effectiveness of antigen immobi li-
zation on the particles was determined by 
electrophoregram by comparing the amount 
of proteins initially added and in the samples 
containing the non-encapsulated proteins 
(supernatant after centrifugation). Densitometric 
analysis of electrophoresis results was performed 
using Fiji and OriginLab software. The 
effectiveness of immobilization was calculated 
based on the ratio of protein concentrations in 
the solution before and after conjugation with the 
particles. Obtained results are given in Table. 

It can be seen that the EI was higher for 
particles synthesized by the second method 
(PLGA 1 — 72%, PLGA 2 — 90%). At the same 
time, by the flow cytometry it was demonstrated 
that 99% of the PLGA 1 particles are loaded with 
EGFP-SbB, while only 92% of PLGA 2 particles 
are bound to the protein. According to the 
obtained results, it can be said that the loading 
is more effective in encapsulating antigens 
within the particle, but the amount of particles 
containing the protein in its composition is 
slightly less in such synthesis technique.

Particle size Analysis of Microparticles
Also, produced microparticles were 

analyzed for particle size and polydispersity 
index (PDI) The particle sizes were slightly 
different according two distinct techniques 
(NTA — number based, the software tracks 
individual particles; DLS — scattering 
intensity weighted), however demonstrate 
similar patterns. The size distributions of the 
produced microparticles and PDI values were 
summarized in Fig. 1 and in Table.

NTA data showed that the particle sizes of 
PLGA 1 ranges from 50 nm to 510 nm, most of 
the particles had a size of 81.4 nm. The particle 
sizes of PLGA 2 ranges from 70 nm to 400 nm, 
most of the particles had a size of 155.9 nm. The 
mean particle sizes were 192.8 nm and 183.8 nm 
for PLGA 1 and PLGA 2, respectively (Fig. 2). 

DLS data also showed that the mean 
PLGA 1 particles size was 203.3 nm and the 

Microparticles properties including EE, DL, particle size and PDI

Type of parti-
cles EE (%) DL (%) Mean Particle 

Size NTA (nm)
Mean Particle 
Size DLS (nm) PDI

PLGA 1 725 7 183.8 203.3 0.143

PLGA 2 90 8 192.8 211.6 0.115

Fig. 1. Z-ave of PLGA 1 and PLGA 2 particle sizes according two distinct techniques: 
NTA and DLS (bars); and PDI (line)
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mean PLGA 2 particles size was 211.6 nm 
(Fig. 3). Moreover, the obtained particles 
demonstrated similar oval to round shape. The 
slight difference in particle size estimation 
is not unexpected as they are two different 
techniques.

The size distributions are similar for both 
particles and there is no agglomeration of the 
particles. 

SEM-Analysis of Microparticles
Microparticles synthesized using different 

methods were analyzed morphologically by 
scanning electron microscopy (SEM). Obtained 
SEM images were shown in Fig. 4, A, B. 

The results of electron microscopy of PLGA 
particles confirmed the results presented 

above. As can be seen from the pictures 
(Fig. 4), single particles have similar round 
correct shape, and their sizes are within the 
size determined by the data of NTA and DLS. 

In vitro Release of Microparticles
To determine the effect of the medium 

pH on the antigen release rate, the PLGA 
particles loaded with the recombinant antigen 
EGFP-SbB were incubated in an environment 
that simulates the acidity of the gastric juice 
(solution of hydrochloric acid at pH 1.2) and 
as a control in a phosphate buffer solution 
(pH 7.8). Fig. 5 illustrates the dependence of 
the particle degradation process on incubation 
time in different environments.

Fig. 2. Particle size distribution of PLGA 1 and PLGA 2 respectively according NTA technique

Fig. 3. Particle size distribution of PLGA 1 and PLGA 2 respectively according DLS technique
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It has been demonstrated that at the 
beginning of the experiment, 99% of the 
PLGA 2 particles were  loaded with EGFP-SbB 
protein. There were not observed significant 
changes in the groups where the incubation 
was carried out in a buffer environment at pH 
7.8. Striking effects were observed after the 

incubation of PLGA 2 particles in a 
medium with high acidity. Similar, 
but even more critical situation was 
with PLGA 1 particles. 

Demonstrated differences 
in the properties of synthesized 
particles may have an influence on 
the immunogenicity of the antigen 
in their use for oral immunization. 
The sizes of both particles resemble 
bacteria size that could increase 
probability of particles interaction 
with M-cells. Obtained results can be 
used for developing a new tool for per 
os immunization against diphtheria. 
It can be also expected that the results 
of our study may be useful for the 
development of new delivery systems 

for other means, such as nucleic acids, drugs, 
vitamins, antigens etc. to the entire body.

This work was supported by the “Grant 
of the President of Ukraine to Doctors of 
Sciences” for D.V. Kolybo in 2017.

Fig. 4. A — SEM image of PLGA 1 microparticles; B — SEM image of PLGA 2 microparticles

A B

Fig. 5. In vitro release of EGFP-SubB antigen from PLGA particles 
in solution of hydrochloric acid (pH 1.2) and phosphate buffer 

(pH 7.4). Significant compared to control results pH 7.4 (P  0.05)
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ПОЛІ(ЛАКТИД-КO-ГЛІКОЛІДУ), 
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Мета роботи — синтезувати частинки на 
основі полі(лактид-ко-гліколіду) — PLGA 
й одержати їх комплекси з нетоксичним 
фрагментом дифтерійного токсину, міченим 
зеленим флуоресцентним протеїном (ЕGFP-
SubB); охарактеризувати певні фізико-хімічні 
властивості отриманих кон’югатів і дослідити 
вплив модифікації поверхні.

Було синтезовано два типи частинок PLGA: 
з іммобілізованим антигеном на поверхні час-
тинок — PLGA 1 та з інкапсульованим всере-
дині частинок — PLGA 2. Отримані мікрочас-
тинки характеризували за навантаженням 
антигену, розміром частинок, індексом по-
лідисперсності та вивільненням антигену in 
vitro.

Ключові слова: дифтерійний токсоїд, мікро-
час тинки полі(лактид-ко-гліколевої) кислоти.
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Цель работы — синтезировать  частицы на 
основе поли(лактид-ко-гликолида) — PLGA 
и получить их комплексы с нетоксичным 
фрагментом дифтерийного токсина, меченным 
зеленым флуоресцентным протеином (ЕGFP-
SubB), охарактеризовать определенные 
физико-химические свойства полученных 
конъюгатов и исследовать влияние моди фи ка-
ции поверхности.

Были синтезированы два типа PLGA частиц: 
с иммобилизованным антигеном на поверхности 
частиц — PLGA 1 и с инкапсулированным вну-
три частиц — PLGA 2. Полученные микроча-
стицы характеризовали по нагрузке антигена, 
размеру частиц, полидисперсному индексу и 
высвобождению антигена in vitro.

Ключевые слова: дифтерийный токсоид, микро-
частицы поли(лактид-ко-гликолевой) кислоты.
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Tuberculosis (TB) is the widespread 
infectious disease of human being and 
animals. In 2015, there were an estimated 
10.4 million new (incident) TB cases 
worldwide and an approximately 1.6 million 
death [1]. Early diagnosis of TB is crucial 
to prevent the spread of the disease in the 
community. Immunological methods measure 
specific cellular or humoral responses of 
the host to detect presence of infection or 
disease. They do not require a specimen 
from the site of infection unlike reference 
standard in TB diagnosis such as bacteria 
culture. Moreover, it can take up to 6–8 
weeks to isolate Mycobacterium tuberculosis 
[2], while serological tests take a few hours.

An important step for constructing 
of new diagnostic kits based on ELISA 
technique is the selection of the optimal 
high immunogenic substances for specific, 
accurate and sensitive determination of 
antibodies to the pathogen.

Difficulties in tuberculin skin test 
administration and interpretation often 
lead to false results [3]. An accurate 
serological test could provide rapid diagnosis 
of TB and in a suitable format would be 
particularly useful both as a replacement 
for laboratory based tests and for extending 
TB diagnosis to lower levels of health 
services, especially those without on-site 
laboratories [4]. Serological tests that use 
various M. tuberculosis antigens such as 
secretory proteins, heat shock proteins, 
lipopolysaccharide and peptides have 
been developed [5]. But despite numerous 
studies of the genome and proteomics of 
Mycobacteria only few ELISA kits are 
available for wide clinical practice use. This 
is most often due to negligent attitude to the 
choice of an antigenic substance or even with 
the use of total lysates of M. tuberculosis 
or protein purified derivate (PPD). As 
a consequence, significant variation of 
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The goal of this study was to characterize serum immunoglobulin G (IgG) antibody responses during 
experimental immunization of laboratory mice by purified recombinant proteins MPT63, MPT83 
of Mycobacterium tuberculosis and artificial fusion protein MPT83-MPT63 and obtain the recombinant 
single chain variable fragments of antibodies (scFv) against these antigens. 

This study demonstrates that the humoral immune response to MPT63, MPT83, MPT83-MPT63 
fusion protein and equimolar set of MPT63 and MPT83 was highly different. For each antigen, serum 
antibody levels were evaluated by a cutoff value based on optical density index. A crucial role of MPT83 
for immunogenicity of chimeric protein and/or cocktail of individual antigens under conditions of 
immunization of laboratory animals. 

We obtained also specific scFv antibodies against MPT63 and MPT83. These antibodies can be used 
for the development of the system for quantitative determination of antigens as well as for their 
biological properties investigation.

Thereby, based on the results of the immune response and mycobacterial proteins antigenicity we 
showed highly immunogenicity properties of N-terminal part of MPT83 antigen for enhencement of 
ELISA sensitivity. We suggest MPT83-MPT63 fusion protein as a potential candidate on the role of 
antigenic substance for the serological diagnosis of tuberculosis.
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sensitivity and specificity indicators, which 
will not allow the developed product to be 
used in practice or/and false positive results 
will be observed in antibody-based diagnostic 
tests due to the exposure to environmental 
non-tuberculous Mycobacteria  (NTM) 
or prior Calmette-Gu rin bacillus (BCG) 
vaccination [6].

Recombinant antigens of M. tuberculosis 
and M. bovis strains MPT63 and MPT83 
obtained from E. coli expression system do 
not differ from serologic characteristics from 
such own proteins of the causative agents[7]. 
In addition, these antigens were found only in 
the representatives of M. tuberculosis complex, 
and not found or expressed in of atypical 
mycobacteria strains [7]. This is important to 
overcome the false positive results caused by 
NTM.

MPT63, a major secreted 16 kDa protein 
from M. tuberculosis, has been shown to 
have immunogenic properties and has been 
implicated in virulence. According to literature 
data MPT63 cause inflammatory processes due 
to degranulation of mast cell with following 
release histamine and hexaminidase [8].

MPT83 is a lipoprotein which undergoes 
acylation and glycosylation and associated with 
bacilli cell wall by myristyl tail [9]. MPT83 is 
one of the ligands of toll like receptor 2 (TLR-
2) [10]; also, it was described as an adhesion 
factor [11]; as inducer of apoptosis of infected 
macrophages by activating the TLR2/p38/
COX-2 signaling pathway [12]. 

Classic BCG vaccine has been used 
worldwide to prevent TB disease in infants and 
children, but it has demonstrated limited and 
variable effectiveness in preventing pulmonary 
TB in adolescents and adults. Immunisation 
studies in mice indicated that MPT83-MPT83 
are highly immunogenic with adjuvant. The 
use of alternative antigens and additional 
approaches for vaccine development urgently 
needed to protect against TB. Nevertheless, 
these results establish a novel platform for 
development of antigenic substances with 
inherent immunogenic characteristics that are 
desirable in vaccines. 

It follows that the antigens chosen by the 
researchers are serologically valuable for 
use as an antigenic substance to create new 
diagnostic ELISA kit. In the present study, 
we have evaluated humoral responses in mice, 
TB suitable animals, to immunodominant 
antigens of M. tuberculosis MPT63 and 
MPT83, their cocktails and chimeric protein 
MPT83-MPT63 obtained as a result of the 
fusion of genetic sequences of individual 

antigens in one open reading frame. 
Furthermore, in this study we obtained the 
recombinant murine scFv to MPT63 and 
MPT83. Antibodies are an important tool 
both for studying of biological activity of 
mycobacterial antigens and developing of 
test-systems for quantitative measurement 
of proteins in fluids as biomarkers of 
TB pathogenesis. Also the recombinant 
antibodies may be used for the affine 
purification of these antigens. Thus, it has 
been received polyclonal and scFv antibodies, 
which resemble the characteristics of 
monoclonal antibodies and may be used for 
further improve existing TB diagnostics.

Statistical data analysis. The data were   
statistically treated using standard MO 
Excel and Origin 8.0 software. To compare  
the  data  in  two  groups  we  used Student’s  
t-criterion  test. The difference was considered  
statistically significant  for  Р < 0.05.

Matherials and Methods

Matherials and reagents: bovine serum 
albumin (BSA), Complete and Incomplete 
Freund’s Adjuvants (Sigma, USA), Ni-
NTA agarose (Qiagen, Germany), imidazole, 
isopropyl--D-1-thiogalactopyranoside (IPTG) 
(Thermo Scientific, Lithuania), bacterial 
culture medium LB (Sigma, USA), skim 
milk powder (Fluka, Switzeland), coomassie 
G250, ammonium persulfate (APS), urea, 
acrylamide, N,N -Metilenbisakrilamid, 
3,3,5,5-tetramethylbenzidine (TMB) (Sigma, 
USA), conjugate of IgG horseradish peroxidase 
(HRP) (Thermo Scientific, Lithuania), tris 
(hydroxymethyl) aminomethane (Sigma, 
USA), tricine, molecular weight markers 
for protein gel electrophoresis (Thermo 
Scientific, Lithuania), -mercaptoethanol, 
Tween-20 (Нelicon, Russia), kanamycin, 
chloramphenicol, H2O2 (“Kyivmedpreparat”, 
Ukraine), glycerol, KCl, NaCl, Na2HPO4, 
NaОН, KH2PO4, (“Miranda-C”, Ukraine), 
sodium dodecyl sulfate (SDS) (Sigma, USA). 
A 96-well microtiter plates for enzyme-linked 
immunosorbent assay (Greiner Bio One, Great 
Britain) were used.

Recombinant proteins expression
Bacterial cultures with recombinant 

proteins expressed E.coli cells were grown at 
37 С under aeration conditions (250 rpm) 
up to A600 — 0.3–0.5 in the LB medium 
with 50 mg/l of kanamycin, 170 mg/l of 
chloramphenicol and 1% glucose. After this, 
cells were precipitated and resuspended in 
fresh LB medium with kanamycin (50 μg/ml) 
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and an inducer of expression of IPTG in 
a concentration of 1 mM. Target proteins 
expression has been performed during 
3–4 hours at 30 С under strong aeration 
conditions (250 rpm), after what cells have 
been precipitated by centrifugation at 3300 g 
during 15 min.

Immobilized-metal affinity on-column 
chromatography of polyHis-tag proteins

Column containing affine sorbent has 
been equilibrated with wash buffer (50 mM 
Na2HPO4, (pH 8.0), 0.5 M NaCl) with 6 or 
8 M urea. Cell precipitates were resuspended 
in a same buffer (1 ml buffer solution per 
precipitate from 50 ml of bacterial culture). 
Samples have been sonicated by ultrasonic 
homogenizer LabsonicM (Sartorius, Germany). 
Cell’s wall residues have been precipitated by 
centrifugation under 10 000 g during 20 min, 
and а preequilibrated Ni2+-NTA agarose 
column has been filled by supernatant. 

Renaturation by washing the column with 
step by step decrease of urea concentration 
(8 M  6M  4 M  2 M  0 M) in wash buffer 
(50 mM Na2HPO4, pH 8.0; 0.5 M NaCl) has been 
performed for obtaining soluble recombinant 
proteins. Proteins were eluted by wash buffer 
containing 250 mM imidazole without urea. 
Protein for further procedures was dialyzed 
against PBS (0.14 M NaCl, 0.03 M KCl, 0.011M 
Na2HPO4, 0.002 M KH2PO4, рН 7.2).

MPT83 expressed E. coli cells were 
resuspended in PBS or urea free wash buffer 
and were treated and centrifuged as described 
above. MPT83 protein extraction was carried 
out in nondenaturating conditions. For higher 
protein yield, the technique has been modified 
through use DNAse (10 U/ml), 1% Triton 
X-100 and lysozyme for better E. coli cell’s 
walls and nucleoids dissociation as performed 
according to [13].

Electrophoretic separation of proteins
Determination of protein concentration 

by tricine SDS-PAGE analysis with TotalLab 
TL120 software were performed according to 
[14, 15].

Immunization of experimental animals
BALB/c 4-month female white mice 

(30–35 g of body mass) were used in the 
experiments. All animals had unlimited access 
to animal chow and tap water throughout the 
study. 

The experiments are consistent with the 
requirements of the European Convention for 
the Protection of Vertebrate Animals used for 
Experimental and Other Scientific Purposes 
(Strasbourg, 1986) and with ethical norms as 
laid down in the laws of Ukraine. 

Primary and booster injections of antigens 
were intraperitoneal as emulsions in CFA 
(1st) or IFA (2nd, 3rd) administered in dose 
1,52 nmol per animal (n = 8–10 for each group) 
at intervals of 2 weeks. The level of specific 
antibodies to mycobacterial antigens in the 
sera of immunized mice was determined by 
ELISA after 7th day since last immunization.

Enzyme-linked immunosorbent assay 
(ELISA)

As antigens were used appropriate 
recombinant proteins of M.tuberculosis 
MPT63, MPT83, artificial fusion protein 
and mix set of separate component and BSA 
(negative control). Monoclonal antibodies 
against marker sequence fused with scFv 
(E-tag) (Amersham Bioscience, USA) were 
used to determine scFv antibodies; and anti-
mouse IgG HRP were used as the secondary 
antibodies. TMB was used as chromogenic 
substrate. The color reaction was quantified by 
measuring the absorbency at 490 nm.

Construction of immune phage library
Total RNA, which was used as a matrix 

in cDNA synthesis, was isolated from the 
spleen tissue of immunized with MPT63 or 
MPT83 mice by TRI Reagent (Sigma, USA). 
The sequences encoding the variable domains 
of the light and heavy immunoglobulin chains 
(VH andVL) were amplified with the set of 
specific primers designed according to [16]. 
The high-fidelity polymerase AccuTaq LA 
DNA Polymerase (Sigma, USA) was used for 
amplification. Nucleotide sequences VH and 
VL were assembled by SOE-PCR (splicing by 
overlap extension PCR). DNA sequences of 
scFv were inserted into the phagemide vector 
pCANTAB-5E by SfiI and NotI restriction 
sites. The ligase mixture was used for 
transformation of E. coli XL1-blue by the 
electroporation.

Isolation of phage particles
The cells transformed with scFv phagemids 

were infected with phage-helper M13K07 and 
incubated overnight. The phage cells were 
precipitated with a solution of PEG/NaCl 
(20% PEG-6000, 2.5 M NaCl) as described 
previously [16].

Selection of scFv antibodies
The positive clones against target antigens 

MPT63 and MPT83 were selected by the phage 
display method as described before [17].

Colonies lift assay
For pre-selection of positive clones, the 

colonies were transplanted into Petri dishes 
with a 2YT agar medium containing 2% 
glucose and ampicillin to a final concentration 
of 100 μg/ml. The prints of the colonies were 
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carried over on a nitrocellulose membrane 
(Amersham Bioscience, USA), which was 
previously incubated in a 5% non fat milk in 
PBS 60 min at 37 C.

At the same time on the membranes of 
the identical size were immobilized with 
mycobacterial proteins MPT63 and MPT83 
(incubation overnight in 10 ml of a solution 
in PBS, an antigen concentration of 10 μg/ml, 
with next blocking in a 5% solution of skim 
milk during 60 min). The immobilized by 
antigens nitrocellulose membranes were 
transferred to 2YT agar medium containing 
100 μg/ml ampicillin and 1 mM IPTG and 
incubated overnight after 30 C. After 
that, the membranes were treated by classic 
Western blot analysis using anti-E-tag and 
anti-mouse IgG-HRP conjugates. Inprints 
have been detected by 3,3-Diaminobenzidine 
tetrahydrochloride (DAB) chromogenic 
substrate.

Results and Discussion

One of the most important characteristic 
of different type antibodies is their 
specificity, i. e., the capacity to bind with 
target proteins avoiding cross-reaction 
with other antigens. Moreover, for ELISA 
test diagnostics is ultimate need the use of 
antigens which have a number of serologically 
important epitopes that would provide 
interaction with antibodies and increase the 
sensitivity of the method.

Obtaining of recombinant proteins MPT63, 
MPT83 and MPT83-MPT63 fusion

Proteins expression was performed in the 
culture E. coli BL21 (DE3) Rosetta (Novagen, 
USA), transformed by pET24a- or pET28a-
based (Novagen, USA) genetic constructs. 
Purification of recombinant proteins MPT63, 
MPT83 and MPT83-MPT63 fusion performed 
with metal affinity chromatography on 
Ni2+-NTA column. Taking into the account 
that MPT63 and MPT83-MPT63 fusion 
were insoluble, procedure of refolding was 
performed. Analysis of protein fractions after 
the refolding was performed on 10% SDS-
PAGE (Fig. 1).

Characterization of antigenicity
This study demonstrates that the humoral 

immune response to MPT63, MPT83, MPT83-
MPT63 fusion protein and equimolar set of 
MPT63 and MPT83 is highly distinguished. 
ELISA measurements of mice serum polyclonal 
antibodies against differently administrated 
antigens are shown in Fig. 2. It was shown 
absence of specific antibodies titers to 

recombinant antigens of M.tuberculosis in mice 
before immunization (Fig. 2).

For each antigen, serum antibody levels 
were evaluated by using a cutoff value based 
on optical density index (ODI), a ratio between 
OD obtained for a test serum samples collected 
after immunization and OD obtained for a 
serum samples collected from the same animal 
at an initial, preimmunization time point 
[18]. Optimal serum dilution was chosen 1:16 
000. Lower antibody titers was found against 
MPT63 (ODI  15,6), higher — against MPT83-
MPT63 fusion (ODI  66,1). Anti-MPT83 
and anti-(MPT63+MPT83 mixture) sera 
demonstrate practically the same (ODI 55,4) 
(Fig. 3).

Crossreactivity of polyclonal IgG amoung 
M. tuberculosis antigens

Mycobacterial antigens MPT63 is secretory 
protein and MPT83 is myristylited and in 
bacilli associate with cell wall. Obtained by 
us recombinant analogues of these antigens 
potentially could show cross-reactivity due to 
same E.coli expression system and encoding 
polyHis tag in genetic constructs for affinity 
isolation and purification of antigens. It was 
considered that as a result of protein eluates 
contamination with Escherichia components, 
recombinant antigens are able show cross-
reactivity to different types of antisera. 
MPT83 and MPT63 antigens not recognized 
with anti-MPT63 (OD 0,056±0,02) and anti-
MPT83 (OD 0,027±0,014) sera respectively 
(Fig. 4). 

Fig. 1. Electrophoregram of used proteins: 
MPT63, MPT83 and fusion (MPT83-MPT63); 

M — molecular mass markers, kDa. Bands corre-
sponding to the target protein are indicated with a 

rectangular frame
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Fig. 2. IgG level to the target recombinant proteins MPT63 (A), cocktail of MPT63+MPT83 (B),  MPT83 (C), 
MPT83-MPT63 fusion (D) in the sera of immunized mice and pre-immunized sera (E)

Fig. 3. Optical density index for each antigen substance 
ODI = OD(postimmunization)/OD(preimmunization)

A

E
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 Moreover, we showed a crucial role of 
MPT83 for the chimeric protein MPT83-
MPT63 and heterogeneous set of proteins 
in immune response (Fig. 4): anti-MPT83-
MPT63 fusion (OD 3,96±0,037) and anti-
(MPT +63MPT83) (OD 0,049 ±3,123) 
sera characterizes by a high level of IgG 
against MPT83 antigen than to MPT63 (OD 
0,05±2,536 and 0,011±0,487 for anti-MPT-83
MPT63 fusion and anti-(MPT+63MPT83) 
sera respectively). Similar experiments were 
conducted to recognize all types of antigens 
and their combinations with different sera 
(Fig. 4).

Chimeric protein based on Fascycline-
like domain of MPT83 (MPT83 FLD115–220aa) 
and MPT63 was obtained previously [19] 
and was used for development of efficient 
TB diagnostic for cattle [20]. Unlike 
MPT83(full)-MPT63 fusion which was used 
for this experiments it incomplete analogue 
did not retain the primary protein structure 
and as a result restricted sterically range of 

serologically important determinants of both 
antigens. As а result, Fascycline-like domain 
of MPT83 fused to MPT63 did not contain all 
serologically important determinants of new 
synthetized MPT83(full)-MPT63 protein. As 
we can see (Fig. 5, A) this antigen, as in the 
case with full-size MPT63-MPT83 (Fig. 5, B), 
was better recognized by anti-MPT83-MPT63 
serum, however anti-MPT63 antiserum was 
better recognized short MPT83–MPT63, 
while antiserum anti-MPT83 was better 
recognized the full-size MPT63-MPT83. Thus, 
it has been proven a special role of MPT83 
for immunogenicity of fusion antigens and 
significance of spatial organization new 
antigenic composition (MPT83-MPT63) and it 
plasticity of serologically important epitopes 
exposure.

Immune library of murine recombinant 
antibodies

Total RNA (2–5 μg/μl, А260/А280  1,6) 
from splenocytes of immunized mice which 
were characterized by highest immune 

Fig. 4. Results of cross reactivity among four types of antigen substances: 
A — MPT63; B — MPT83; C — (MPT63+MPT83 mix); D — MPT83-MPT63 fusion with all types of antisera 

without of own

DC

BA
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response to MPT63 and MPT83 were used as 
the matrix for reverse transcriptase reaction 
for cDNA obtaining with next amplification 
of sequences encoding the variable domains of 
the heavy and light immunoglobulin chains. 
Electrophoresis on agarose gel showed 380 
and 400 b.p. PCR products corresponding in 
size to VL and VH respectively (Fig. 6, A). The 
purified VH and VL were assembled in a single 
step of assembly PCR as described in [16]. 
Genes encoding scFv and phagmide pCANTAB-
5E vector were treated by restriction 
endonucleases SfiI and NotI with next fusion 
by T4 DNA lygase. E. coli XL1-blue was chosen 
as a host cells.

Selection and characteristic of MPT63 and 
MPT83 specific scFvs

For isolation of high specific scFv against 
mycobacterial antigens we have developed a 
modified selection scheme described in[17] 
(we specifically do not focused at the routine 
antibody selection scheme that has been 
repeatedly and in detail described previously). 
After selection of library against MPT63 
and MPT83 few obtained colonies studied by 
the method of Lift Assay. At the same time, 
most of the colonies were negative (Fig. 6, 
B). Also, several of the positive clones were 
tested by immonoenzyme assay. In order to 

confirm that the isolated clones were highly 
specific to MPT63 or MPT83 we analyzed their 
interaction with a number of control antigens. 
It has been confirmed that appropriate scFv 
antibodies recognize MPT63 or MPT83 and do 
not cross-react among themselves and did not 
react with BSA or milk casein (Fig. 6, C).

In spite of the fact that the obtaining 
antibodies were not characterized by a high 
affinity constant unlike polyclonal antibodies 
obtained due mice immunization, they are more 
specific and reminiscent monoclonal antibodies. 
Our next step will be a more detailed selection of 
antibodies that can be used as research tools for 
mycobacterial antigens or even as components 
of test systems as positive controls.

Improved tools for TB detecting are 
urgently needed. In this prospective 
study, efforts were made to evaluate the 
immunodiagnostic potential of the secretory 
protein MPT63 and MPT83 lipoprotein 
of M. tuberculosis for developing a novel 
ELISA-based serodiagnostic test employing 
an individual, fusion or cocktail of two 
(16 and 22.6 kDa) recombinant proteins to 
enhance the sensitivity of the immunoassay, 
and attempts were also made to check the 
specificity of the all variants of antigens 
substances.

Fig. 5. IgG recognition results 
of MPT83(FLD)-MPT63 fusion (A) 

or MPT83(full)-MPT63 fusion (B) antigens 
with 4 types of antisera

A

B
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Our findings clearly demonstrate that for 
new TB diagnosis ELISA test MPT83-MPT63 
fusion protein as plate coating antigen was the 
best candidate among tested antigens. This 
chimeric antigen as a cocktail of individual 
MPT63 and MPT83 characterized by higher 
immunogenic and antigenic properties than 
MPT63 or MPT83 individual immune response. 
But unlike serological diagnostics based on a 
mixture of antigens or mycobacterial lysate, 
our proposed MPT83-MPT63 fusion antigen 
guarantees the reproducibility of the results, 
since it uses as a homogeneous antigenic 
substance on a solid-state carrier. Moreover, 
for antigens mixture, each antigen must be 
tested separately, which leads to an increase 
in the cost of the analysis, the timing of its 
implementation and it’s not very adequate 
evaluation of the results.

It should be noted that due to high level 
of antigenicity and immunogenicity of 
fusion protein, it can detect trace amounts of 
antibodies to the pathogen. Also, the use of two 
completely non-homologous proteins MPT63 
and MPT83 with different effects and hitherto 
known functions increases its value for the 
identification of biomarkers of TB infection. 
The absence of mpt63 and mpt83 genes in NTM 
strains allows the use of this antigen for the 
diagnosis both M. tuberculosis and M. bovis 
(strains that cause pulmonary TB) infected 
patients.

Thus, based on the results of anti-serum 
recognition of various proteins and their 
cocktails, we have chosen a fusion protein 
MPT83-MPT63 for TB and health patients 
screening by ELISA for further offer of new 
diagnostic kit.

Fig. 6.  A — PCR-amplification of VH- and VL-domains; B — Analysis of E. coli expressed scFv against 
MPT83 colonies with Lift Assay method; C — ELISA results of periplasmic extracts containing scFv anti-

bodies against MPT83 (1) and MPT63 (2) from positive (Lift Assay) E. coli clones

A

2

C

1
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РОЗПІЗНАВАННЯ АНТИГЕНІВ 
Mycobacterium tuberculosis 

MPT63 ТА MPT83 ПОЛІКЛОНАЛЬНИМИ 
І scFv АНТИТІЛАМИ МИШІ

А. А. Сіромолот1, 2
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Д. В. Колибо1, 2

1ННЦ «Інститут біології та медицини», 
Київський національний університет 
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НАН України, Київ
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Метою дослідження було охарактеризувати 
імуноглобулін G (IgG) опосередковану відпо-
відь за умов експериментальної імунізації ла-
бораторних мишей очищеними рекомбінантни-
ми протеїновими препаратами Mycobacterium 
tuberculosis MPT63, MPT83, еквімолярним 
коктейлем протеїнів та штучним злитим про-
теїном MPT83-MPT63, а також отримати ре-
комбінантні одноланцюгові варіабельні фраг-
менти антитіл scFv до MPT63 та MPT83 проти 
цих антигенів. 

Дослідження показало, що гуморальна 
імунна відповідь до MPT63, MPT83, химер-
ного протеїну MPT83-MPT63 та еквімолярної 
суміші MPT63 і MPT83 істотно відрізняється. 
Для кожного антигену рівні сироваткових ан-
титіл оцінювали, використовуючи значення об-
різання на основі індексу оптичної щільності. 
Доведено вирішальну роль MPT83 для імуно-
генності химерного протеїну та/або коктейлю 
окремих антигенів за умов імунізації лабо-
раторних тварин.

Отримано специфічні scFv антитіла проти 
MPT63 та MPT83, які можуть бути використа-
ні для розроблення  системи для кількісного 
визначення антигенів, а також вивчення їхніх 
біологічних властивостей.

Було показано високоімуногенні власти-
вості N-кінцевої ділянки MPT83, що підви-
щує чутливість ELISA, й запропоновано вико-
ристовувати химерний протеїн MPT83-MPT63 
як перспективний кандидат на роль антигенної 
субстанції для серологічної діагностики тубер-
кульозу.

Ключові слова: антигени MPT63, MPT83, 
поліклональні антитіла, scFv, діагностика.

РАСПОЗНАВАНИЕ АНТИГЕНОВ 
Mycobacterium tuberculosis 

MPT63 И MPT83 ПОЛИКЛОНАЛЬНЫМИ 
И scFv-АНТИТЕЛАМИ МЫШИ
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Целью исследования было охарактеризо-
вать иммуноглобулин G (IgG) опосредованный 
ответ в условиях экспериментальной иммуни-
зации лабораторных мышей очищенными ре-
комбинантными протеиновыми препаратами 
Mycobacterium tuberculosis MPT63, MPT83, эк-
вимолярным коктейлем протеинов и искусствен-
ным слитым протеином MPT83-MPT63, а также 
получить рекомбинантные одноцепочечные ва-
риабельные фрагменты антител scFv к MPT63 и 
MPT83 против этих антигенов. 

Исследование показало, что гуморальный 
иммунный ответ к MPT63, MPT83,слитому 
протеину MPT83-MPT63 и эквимолярной сме-
си MPT63 и MPT83 существенно отличается. 
Для каждого антигена уровни сывороточных 
антител оценивали, используя значения об-
резания на основе индекса оптической плот-
ности. Доказана решающая роль MPT83 для 
иммуногенности химерного протеина и/или 
коктейля отдельных антигенов при иммуниза-
ции лабораторных животных.

Получены специфические scFv антитела 
против MPT63 и MPT83, которые могут быть 
использованы для разработки системы для ко-
личественного определения антигенов, а также 
для изучения их биологических свойств.

Показаны высокоиммуногенные свойства 
N-концевого участка MPT83, что повышает 
чувствительность ELISA, и было предложе-
но использовать химерный антиген MPT83-
MPT63 в качестве перспективного кандидата 
на роль антигенной субстанции для серологи-
ческой диагностики туберкулеза. 

Ключевые слова: антигены MPT63, MPT83, 
поликлональные антитела, scFv, диагностика. 

Komisarenko S. V. The trial of experimental 
test system for the specific diagnostics of 
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Biological pesticides is one of the most 
promising alternatives over conventional 
chemical pesticides, which offers less or no 
harm to the environments and biota. A large 
range of microorganisms such as bacteria, 
viruses, fungi, and protozoans have since 
been identified as potential candidates for use 
in biocontrol strategies against insect pests. 
The dominant position among the complex of 
entomopathogenic microorganisms known 
in the world and used in the protection of 
plants occupy entomopathogens  belonging to 
the species Bacillus thuringiensis (Bt)[1,2]. 
There are more than 80 serovariants of Bt, 
selectively specific to the definite groups of 
host insects belonging to the order Lepidoptera, 
Diptera, Coleoptera, Hymenoptera, Ortho-
p te ra, Hemiptera, Isoptera, Mallophaga, 
Thisanoptera, Nematoda, Acari [3].

Serological Bt variants produce different 
entomotoxins, their synthesis in many 
respects depends on the conditions of 
cultivation. Toxigenicity of microorganisms 
can be changed by biotechnological procedures 

(changing the conditions of cultivation) and 
thus affect metabolism in general [4]. The most 
important stage in the production of bacterial 
preparations is obtaining the maximum 
production of delta endotoxin in a minimum 
time of cultivation with a maximum economic 
effect.  

The aim of the research was to develop 
an optimal liquid medium composition for 
bacteria strain B.thuringiensis 87/3, which 
are the most favorable for the identifiying 
the potential production of biologically active 
components.

Materials and Methods 

Research was conducted on the base 
of  the National University of Life and 
Environmental Sciences of Ukraine, 
department of biotechnology and biodiversity;  
Institute of Food Biotechnology and Genomics 
of the National Academy of Sciences of 
Ukraine, department of industrial and food 
biotechnology. The subject of researches 
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FOR ENTOMOPATHOGENIC BACTERIA STRAIN 
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The aim of the research was to develop an optimal liquid medium composition for bacteria strain 
B. thuringiensis 87/3 which is the most favorable for the identification the potential production of bio-
logically active components. In this work we have used new entomopathogenic bacteria strain B. thurin-
giensis var. thuringiensis (Bt H1) № 87/3 selected in vitro, isolated from the larvae of leaf-eating insects 
natural populations of Leptinotarsa decemlineata Say (L4). Nutrient medium for cultivation of Bt 87/3 
was optimized on base a full-fledged experiment, according to the Box-Behnken (33) plan. Optimumal 
concentrations were investigated in the medium of carbon source (15 g/l of glucose), nitrogen (10 g/l of 
corn extract) and phosphorus-containing inorganic salts (1,5 g/l of diammonium phosphate). When this 
strain grown in periodic conditions at 30 C, the number of viable cells reached 4,4·109 cells/ml. Nutrient 
medium that was optimized can be recommended for cultivation of Bacillus thuringiensis 87/3 in produc-
tion conditions.
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was entomopathogenic bacteria strain B. 
thuringiensis var. thuringiensis (Bt H1) 
№87/3 selected in vitro, isolated from 
the larvae of leaf-eating insects natural 
populations of Leptinotarsa decemlineata 
Say (L4). The qualitative and quantitative 
composition of medium components was 
determined on the basis of a priori information 
analysis. 

The task of full-fledged experiment, 
according to the Box-Behnken (33) plan is 
based on obtaining a mathematical model of 
the Bacillus thuringiensis 87/3 development 
process and its subsequent use in nutrient 
medium optimizing.  

The planning of an experiment allows not 
only to vary all the operating factors during 
the process, but also to obtain a quantitive 
assessment of the main factors and the effects 
of interaction between them [5]. Optimization 
is possible using methods of steep climbing, 
as well as research of the desirability function 
of the resulting factor. The influence of 
different medium composition on the growth 
of microorganisms was investigated during 
active experiment process. The average level 
for Bacillus thuringiensis 87/3 cultivating was 
corn extract 10 g/l, diammonium phosphate 
1.5 g /l, glucose 15 g/l (Table 1).

Cultivation was carried out in 
Erlenmeyer’s flasks on biotechnology shaker 
with termoplatform (220 rev./min, the 
temperature 30 degrees С during 72 hours). 
Medium, of volume 50 ml, the amount of 
inoculum — at least 4.0% by volume of the 
medium (the titer of colony forming units, 
CFU, 4.2–4.4 billion/ml of the culture liquid, 
which was determined by inoculation on agar 
and counting in Goryaev chamber). 

For the experiment conduction it was 
decided to investigate three factors and 
their three levels. In this case, the number of 
experiments that must be carried out can be 
calculated by the formula (1):

(1)

where Ne — the number of experiments, р — 
the number of levels factors.

Since formula (1) shows that 27 experi-
ments are needed to solve optimization 
problems. The plan for a full-fledged 
experiment with the specified levels and 
factors, as well as the function of the 
experiment response, has been formed. In 
order to reduce the impact on the results of 
the response, the experiments were carried 
out in random sequence. The processing of 
the experiment results began with regression 
analysis: the model was built and unknown 
coefficients were determined:

 Y = (b0 + b1·X1 + b2·(X1)2 + b3·X2 + 
+ b4·(X2)2 + b5·X3 + b6·(X3)2) ·109         (2)

It was determined that the effects of the 
interaction factors are practically absent, and 
therefore they were not included in the general 
view of the model (2).  The determination of 
unknown constant coefficients was performed 
using the least squares method. The obtained 
model coefficients were calculated using the 
following formulas:

Description of factors and response using 
a mathematical model (2) is characterized by 
a determination coefficient, which must be 
not less than 0.95, for qualitative description 
of the research object, this coefficient is 
calculated by the formula,

2
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2 — dispersion of residues 
regression, response; Yi, Ῡ, Ŷi — actual, avera-
ge, estimated value of response.

Table 1. Formation of factors and their levels for the experiment

Factors

Levels

Lower Main Upper Variation 
Step

Х1 — corn extract, g/l 5 10 15 5

Х2 — diammonium phosphate, g/l 0,5 1,5 2,5 1

Х3 — glucose, g/l 5 15 25 10
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The standard error which characterizing 
the standard deviation of the studied 
regression coefficients from the mean value is 
calculated by the formula:

2

1

2

1

ˆ( )
1 ,

2
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i i
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b N

j j
i

Y Y
S

n
X X






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





 

(4)

where n — sample size.
The statistical significance of the 

regression coefficient is estimated according 
to Student’s criterion. In this case, compare 
the calculated with the table value for a given 
confidence level significance of 0.05 and 
freedom degrees calculated:

, / 2, .
r

rj

j
f f

b

b
t t

S   òàáë. (5)

where bjr — estimated regression coefficients, 
 — confidence probability 0.95, f — freedom 
degree. With a significant regression 
coefficient, the student’s calculated criterion 
is over than tabular.

The calculation of the marginal deviation 
error was established from the following 
calculations:

jr = t,f.table·Sbjr
                         (6)

Determination of the confidence interval 
for each regression coefficient was conducted 
according to the inequality:

bjr – jr  bjr  bjr + jr                   (7)

The correspondence of the mathematical 
model to the experimental data was determined 
by Fisher’s criterion (F). In this case, the 
calculation criterion should be over than the 
tabular one:
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To solve the optimization problem, the 
method of analyzing the desirability function 
of Harrington was used [6]. 

The analysis of this experiment plan 
was carried out using portable soft-
ware (Statistica 10.0.1011.0, CD-key 
42347678921334567692). 

Results and Discussion

Bacillus thuringiensis grows slowly 
and spores weakly on media with a known 
composition containing glucose and salts. 
Growth can be enhanced by the addition of 
amino acids or casein hydrolyzate, but if not 
balanced the nitrogen medium content with an 
appropriate source of carbon and energy, such 
as glucose, sporulation will remain low.  

Optimization of cultivation conditions can 
be based on a combination of experimental and 
mathematical modeling with a computational 
experiment, which contains an important 
stage — the definition of a mathematical 
model that characterizes the connection of 
the optimization parameter with the main 
factors. Using such a simplified model 
allows conclusions accelerating about the 
significance of various medium components, 
its qualitative and quantitative composition 
[7]. The mathematical method of experiment 
planning allows us to reasonably approach the 
nutrient medium constructing, making its 
more economical and technological. 

The nutrient medium for cultivation was 
optimized by the composition of sources of 
carbon and nitrogen feed, as well as on the 
content of micro elements. We used the cabbage 
broth as the basis for preparing the nutrient 
medium. Cabbage is a vegetable raw material 
with a unique composition: sugar, pectin, starch, 
fiber, proteins, pantothenic acid, tartronic acid, 
carotene, vitamins (C, P, B, PP, K, D and U), 
micro- and macroelements (K, Na, Ca, Mg, Fe, 
P, S, Cl, аlso Co, F,I, Mo, Cu, Zn, Si). To increase 
the yield of heat-resistant spores and the amount 
of endotoxin, the nutrient medium was enriched 
with corn extract, amino acids and mineral salts 
(Mg, Mn, diammonium phosphate). 

Using mathematical method of experiment 
planning, the nutrient medium was optimized 
for the cultivation of a new technological strain  
B. thuringiensis 87/3 in the conditions of 
biolabs low tonnage production. The nutrient 
medium optimization was carried out in the 
alternation of the maximum and minimum 
values contents of the media components 
[8–10]. Regression analysis of experimental 
results is reflected in Table 2.

table,

table,
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Analyzing the table 2 data it is possible 
to conclude that all the included factors are 
statistically significant, as evidenced by their 
level of significance, a model describing the 
development of bacteria Bacillus thuringiensis 
87/3 using the studied components. Substitute 
the table data in the general form of the 
regression equation:

To assess the adequacy of this model, a 
dispersion analysis of experimental data and a 
Fisher’s criterion evaluation were performed. 
The dispersion analysis implementation is 
reflected in Table 3.

Table 3 shows that the mathematical 
model included factors (1) adequately describe 
the investigated process of optimizing the 
composition of nutrient medium, since the 
significance level p for each factor is below the 
permissible level.

The response surfaces to the bacterial 
colonies development by titration of the 
investigated process with the reflection 
of the values factors and the scale of 
desirability are presented in Fig. 1. Levels 
of function response to the desirability scale 
are shown in Fig. 2. Visually analyzing the 
graphics data, it is possible to clearly state 
that the optimal composition of the nutrient 
medium is present in the studied ranges of 

values factors X1, X2, X3. Implementation 
of the nutrient medium optimization, 
according to the developed model, is possible 
with the help of the desirability function 
[8]. To determine the nutrient medium 
optimal composition maximum interval of 
the investigated response is formed. This 
takes into account the response surface 
(Fig. 1) and its maximum levels, set 
the zero level to 4.11·109 cells/ml, and 
a maximum of 4.41·109 cells/ml. Under 
these conditions it is possible to find the 
required maximal response values to the 
desirability function. Implementation of 
the determination procedure optimization is 
presented in Fig. 3.

Fig. 3 shows that the optimal components 
variant is at the intersection of the maximum 
value of the desirability function in the 
specified interval of each factor. In this 
case, rational limits and corresponding 
optimal values factors that make up the 
B. thuringiensis nutrient medium are 
determined. For corn extract, this is the 
interval [8.75 ... 11.25 g/l], and the optimum 
is 10 g/l; for diamonium phosphate is the 
interval [1.4 ... 2.0 g/l], and an optimum is 
1.5 g/l; for glucose it is the interval 
[12.5 ... 17.5], and the optimum — 15 g /l. 

Тable 2. Regression analysis of experimental results

R2 = 0.98081 — regression model determination coefficient of the  experimental data

Coefficients 
of regression 

(factors)

Regression 
coefficients

Standard 
error

Student’s 
coefficient

Level of signi-
ficance p.

Trust 
interval — 

95%

Trust 
interval — 

95%

b0 1.006898 0.096511 10.4330 0.000015 0.805579 1.208217

Х1 0.092667 0.017812 5.2025 0.000043 0.055511 0.129822

(Х1)2 –0.002444 0.000881 –2.7731 0.011733 –0.004283 –0.000606

Х2 1.667778 0.067323 24.7727 0.000028 1.527344 1.808212

(Х2)2 –0.494444 0.022037 –22.4373 0.000011 –0.540412 –0.448477

Х3 0.161000 0.006732 23.9145 0.000034 0.146957 0.175043

(Х3)2 –0.005494 0.000220 –24.9331 0.000016 –0.005954 –0.005035

Таble 3. Dispersion analysis of experimental results

 Factors Median deviation Degree of 
freedom Dispersion Fisher criterion Trust interval 

p

Х1 0.884830 2 0.442415 218.0776 0.000010

Х2 2.079207 2 1.039604 512.4473 0.000035

Х3 1.837785 2 0.918893 452.9457 0.000019
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Fig. 1. Schedule of surfaces response on the desirability scale of the investigated process: 
a — Yd(X1, X2); b — Yd(X1, X3); c —  Yd(X2, X3)

a

c

b

Fig. 2. Graph of the investigated process response level:
a — Yd(X1, X2) = const; b — Yd(X1, X3) = const; c — Yd(X2, X3) = const

cb

a
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Using the method of mathematical 
experiment planning the nutrient medium 
was optimized for the cultivation of a 
new technological strain B. thuringiensis 
87/3. The results of the studies indicate 
that optimized medium is intended in 
laboratory conditions and provides the 
ability to obtain a high yield of viable cells 

in 24 hours of cultivation (the titre of the 
metabolic spore-crystalline complex is up 
to 4.4 billion/ml of culture liquids). The 
nutrient medium proposed composition is 
much cheaper than laboratory medium, which 
are widely used for cultivation microorganisms 
of this species and can be recommended for 
using in laboratory and production conditions. 

Fig. 3. Graphic representation of the nutrient medium optimal composition finding procedure
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МАТЕМАТИЧНЕ МОДЕЛЮВАННЯ 
ОПТИМІЗАЦІЇ СКЛАДУ ЖИВИЛЬНОГО 
СЕРЕДОВИЩА ДЛЯ КУЛЬТИВУВАННЯ 

ШТАМУ ЕНТОМОПАТОГЕННИХ 
БАКТЕРІЙ Bacillus thuringiensis 87/3

М. В. Бойко1

М. В. Патика1, 
С. М. Шульга2

О. О. Тігунова2 
Г. С. Aндріяш2

1Національний університет біоресурсів 
і природокористування України, Київ 
2ДУ «Інститут харчової біотехнології 

і геноміки НАН України», Київ, Україна 

E-mail: maryaulina@gmail.com

Метою дослідження було розробити 
математичне моделювання оптимального 
складу рідкого живильного середовища 
для бактеріального штаму B. thuringiensis 
87/3, що є оптимальним для отримання 
біологічно активних компонентів. У роботі 
використовували нові ентомопатогенні бактерії 
штаму B. thuringiensis var. thuringiensis (Bt 
H1) № 87/3, cелекціоновані in vitro, що їх 
виділено з личинок природних популяцій 
листогризних комах Leptinotarsa decemlineata 
Say (L4). За допомогою повнофакторного 
експерименту за планом Бокса-Бенкіна (33) 
оптимізовано живильне середовище для 
культивування штаму Bacillus thuringiensis 
87/3. Визначено оптимальні концентрації в 
середовищі джерел вуглецю (15 г/л глюкози), 
азоту (10 г/л кукурудзяного екстракту) та 
фосфоровмісних неорганічних солей (1,5 г/л 
діамонію фосфату). Під час культивування 
цього штаму в періодичних умовах за 30 C 
кількість життєздатних клітин досягала 
4,4·109 КУО/мл. Оптимізоване середовище 
можна рекомендувати для культивування 
штаму Bacillus thuringiensis 87/3 у про-
мислових умовах.

Kлючові слова: oптимізація, культивування, 
B. thuringiensis var. thuringiensis, живильне 
середовище.

МАТЕМАТИЧЕСКОЕ 
МОДЕЛИРОВАНИЕ ОПТИМИЗАЦИИ 

СОСТАВА ПИТАТЕЛЬНОЙ СРЕДЫ ДЛЯ 
КУЛЬТИВИРОВАНИЯ ШТАММА 

ЭНТОМОПАТОГЕННЫХ БАКТЕРИЙ 
Bacillus thuringiensis 87/3

М. В. Бойко1

 Н. В. Патыка1

С. М. Шульга2

Е. А. Тигунова2  
А. С. Aндрияш2

1Национальный университет биоресурсов 
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Целью исследования было разработать 
математическое  моделирование оптимального 
состава жидкой питательной среды для 
бактериального штамма B. thuringiensis 87/3, 
оптимальный для получения биологически 
активных компонентов. В работе использовали 
н о в ы е  э н т о м о п а т о г е н н ы е  б а к т е р и и 
штамма B. thuringiensis var. thuringiensis 
(Bt H1) № 87/3, cелекционированные in 
vitro, выделенные из личинок природных 
популяций листогрызущих насекомых 
Leptinotarsa decemlineata Say (L4). С 
помощью полнофакторного эксперимента по 
плану Бокса-Бенкина (33) оптимизирована 
питательная среда для культивирования 
штамма Bacillus thuringiensis 87/3. Определены 
оптимальные концентрации в среде источников 
углерода (15г/л глюкозы), азота (10 г/л 
кукурузного экстракта) и фосфорсодержащих 
неорганических солей (1,5 г/л диаммония 
фосфата). При культивировании данного 
штамма в периодических условиях при 30 C 
количество жизнеспособных клеток достигала 
4,4·109 КОЕ/мл. Оптимизированную среду 
можно рекомендовать для культивирования 
штамма Bacillus thuringiensis 87/3 в 
промышленных условиях.

Kлючевые слова: oптимизация, культивиро-
вание, B. thuringiensis var. thuringiensis, пита-
тельная среда.
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Common wheat (Triticum aestivum L.) is 
very important widely grown crop used for 
bread baking, food and animal feed. Wheat 
yield is the third largest cereal production 
in the world, after maize and rice [1]. In 
consequence of methods of modern plant 
breeding, numerous varieties with increased 
productivity were obtained. However, due 
to the recent undesired climate changes and 
global warming, the selection of drought-
tolerant germplasm donors must be constantly 
monitored to include them in contemporary 
breeding programs [2]. Marker-assisted 
selection (MAS) based on DNA markers can 
be effectively applied in the process of such 
selection [3–6]. While different types of DNA 
sequences can be employed for this purpose.

First DNA marker systems to study 
drought tolerance in plants were based 
on non-coding DNA sequences — RAPD 
(Random Amplified Polymorphic DNA) [7, 8], 
SSR (Simple Sequence Repeats) [9, 10] and 

ISSR (Inter Simple Sequence Repeats) [8] 
etc. Presently, attention mostly attracted to 
target encoding gene sequences, which play a 
great role in plant response to stress factors. 
These genes predominantly represented with 
transcriptional factors (TFs) and dehydrin 
genes [11].

In present work, our aim was to study DNA 
polymorphism of preselected gene loci of three 
transcription factors (TaNAC2a, TaWRKY2, 
TaWRKY19) and the LEA dehydrin (Td29b) 
related in their expression response to wheat 
drought tolerance.

WRKY transcription factors represent 
family of proteins that have WRKY domain 
(approximately 60 amino acids), involving 
the conserved WRKYGQK domain and a zinc-
finger-like motif [12, 13]. These proteins are 
of great importance for biotic and abiotic 
stress responses [14, 15]. Overexpression of 
TaWRKY2 as well as TaWRKY19 increased 
dehydration stress tolerance in transgenic 
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The aim of the research was to study polymorphism of preselected gene loci of three transcription 
factors (TaNAC2a, TaWRKY2, and TaWRKY19) and the Late Embryogenesis Abundant (LEA) 
proteins  dehydrin (Td29b) related to wheat drought tolerance. The genes structure and chromosome 
location were established via bioinformatics tools. It is stated that TaWRKY2 and TaWRKY19 genes 
were comprised of 4 exons and 3 introns located on 2BS and 1DS chromosome arms, respectively; 
TaNAC2a — 2 exons and 1 intron 7AS; Td29b — single exon gene 3AS. Using polymerase chain 
reaction, no polymorphism was observed. Polymorphic bands were detected for TaWRKY2 locus. The 
screening of the distribution of the revealed polymorphic loci was carried out for a set of wheat and rye 
varieties, old landraces and interspecific hybrids. The polymorphism of TaWRKY2 locus indicated the 
presence of some other possible alleles of the gene. The obtained data are importantfor further 
investigations of wheat drought tolerance. 
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Arabidopsis plants [12]. It was also found out 
that TaWRKY2 overexpressing plants had 
enhanced STZ and RD29B gene expressions 
due to temperate binding to the loci from 
RD29B STZ-1 and STZ-2 locus of Arabidopsis. 
As to TaWRKY19 transgenic plants, they had 
higher expression levels of DREB2A, RD29B, 
Cor6.6 and RD29A genes [12].

Another TF family that highly introduced 
in common wheat is represented with proteins 
containing a highly conserved NAC domain at 
the N-terminus and a variable transcriptional 
regulation domain at the C-terminus [16, 17]. 
Overexpression of different TaNAC responded 
to enhanced biotic and abiotic tolerance 
[18, 19]. It was postulated in the [16], that 
TaNAC2a transgenic plants of tobacco had 
extremely increased drought tolerance.

Special role in response to dehydration 
stress relates to dehydrin proteins, which 
help plant cell cope with osmotic changes. 
The number of dehydrins were described in 
wheat [20, 21]. Late Embryogenesis Abundant 
(LEA) proteins belong to above mentioned 
group of proteins and can be candidate for 
wheat improvement [22]. It was reported [23] 
that LEA proteins accumulation enhanced 
stress tolerance protecting plant cells against 
dehydration. It was also described the 
importance of Td29b dehydrin in common 
wheat, which synthesis was highly induced by 
dehydration.

Materials and Methods

The subject of the study was a set of wheat 
cultivars of Ukrainian and foreign origin (25 
and 36, consequently), a set of 52 old wheat 
species, distant and interspecific hybrids, 
4varieties of rye.

BLAST searches and sequence analyses 
were implemented by BLASTn on the Triticum 

aestivum genome (https://blast.ncbi.nlm.nih.
gov/ and https://wheat-urgi.versailles.inra.
fr). The schemes of exon–intron structures 
were obtained by employing the online Gene 
Structure Display Server bioinformatic tools 
(http://gsds.cbi.pku.edu.cn/) from both coding 
sequence (CDS) and genomic sequences [24].

Total DNA was isolated from one kernel 
with the modified CTAB method [25]. 
Polymerase chain reaction (PCR) of 20 μl 
included 0.5 μM of forward and reverse primers 
each (Metabion, Germany), 1 Reaction 
Buffer B (Solis BioDyne, Estonia), 2 mМ 
MgCl2, 0.2 μM of each deoxyribonucleoside 
triphosphate (Thermo Fisher Scientific, 
USA), 1 unit of FIREPol® DNA Polymerase 
(Solis BioDyne, Estonia), 30 ng of total plant 
DNA. Primer sequences for loci TaNAC2a, 
TaWRKY2, TaWRKY19 and Td29b used in the 
study and PCR conditions are indicated in the 
Table 1. The CDS accessions in the GenBank 
are HM027575.2 (TaNAC2a), EU665425.1 
(TaWRKY2), EU665430.1 (TaWRKY19) and 
AJ890139.1 (Td29b).

The PCR products were separated by 
means of electrophoresis in 2% agarose gels 
in lithium borate buffer, 0.1 μg/ml ethidium 
bromide [26]. Gels were visualized in UV-
light with a photosystem Canon EOS 600D. 
GelAnalyzer 2010 software was applied to 
identify the size of amplified fragments 
(http://www.gelanalyzer.com). Frequencies 
for each combination of amplified fragments 
were calculated according to [27].

Results and Discussion

As it was denoted above, data on CDS 
only are available for those three studied 
transcriptional factors (TaNAC2a, TaWRKY2, 
and TaWRKY19) and the dehydrin (Td29b). 
Thus, we managed to predict the exon-intron 

Table 1. Primer sequences and PCR conditions

TF gene Primer sequences 5–>3 PCR conditions

TaNAC2a F: GGTAGTGCGGTGCTTCCAAT
R: TGAATGTTGTTGCTCGTCCC [16]

94 C — 30 s; 58 C — 30 s
72 C — 30 s; 35 cycles

TaWRKY2 F: GGCGCTGCCGACGTCATCTT
R: AGCAGAGGAGCGACTCGACGA [12]

94 C — 30 s; 58 C — 30 s
72 C — 30 s; 35 cycles

TaWRKY19 F: AGGGAAGCATACGCATGACGTGC
R: GGCGAGATCGTTCAGAATGGCTGT [12]

94 C — 30 s; 60 C — 30 s
72 C — 30 s; 35 cycles

Td29b F: CGCACCCAGCTAGTAAGTTCG
R: CCCAGCCCAGTAATAACCCAT [23]

94 C — 30 s; 53 C — 30 s
72 C — 30 s; 35 cycles
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structure and location of their genes by means 
of alignment via BLAST tools.

Having carried out every CDS alignments 
in the database of wheat whole genome shotgun 
contigs, the gene structures and chromosomal 
location were defined for three studied 
transcription factors (TaNAC2a, TaWRKY2, 
TaWRKY19) and the dehydrin (Td29b) (Fig. 1) 
in accordance with [28]. Hence, TaWRKY2 and 
TaWRKY19 have similar structure of 4 exons and 
3 introns (Fig. 1, A, B), though, they are situated 
in different chromosomes (TaWRKY2 — short 
arm of 1D chromosome; TaWRKY19 — short arm 
of 1B). Both primer pairs applied in the following 
DNA polymorphism study hybridized at the end 
of the fourth exon. The gene of TF TaNAC2a 
comprises of 2 exons and 1 intron (Fig. 1, C) and 
allocates at the short arm of 7A chromosome. The 
primer pair for this gene locus annealed at the 
central part of exon 2. It was established, that 
Td29b gene might have referred to single exon 
gene (Fig. 1, D). Its location is the short arm of 3A 
chromosome.

Molecular genetic study
To study DNA polymorphism of the 

selected loci of 4 genes (three TF — TaNAC2a, 
TaWRKY2, TaWRKY19; and the dehydrin 
gene Td29b) a set of 25 Ukrainian and 37 
international wheat accessions from Global 
Wheat Program of the International Maize 
and Wheat Improvement Center (CIMMYT) 
and the Wheat Germplasm Bank was collected. 
By means of applying primer pairs and 
PCR conditions indicated in the Table 1, 
we observed no polymorphism for gene loci 
TaNAC2a, TaWRKY19 and Td29b. There 
was one fragment amplified only for each 
sample — fragment of approximately 227 base 
pairs (bp) for TaNAC2a gene locus, 160 bp for 
TaWRKY19, 86 bp for Td29b (Fig. 2).

Following the amplification of total 
genomic DNA of all common wheat varieties 
of Ukrainian and foreign origin, there were 
two fragments detected for each sample. 
We observed three different genotypes in 
the studied TaWRKY2 locus. The first one 

Fig. 1. Prediction of gene exon-intron structure: 
A — TaWRKY2; B — TaWRKY19; C — TaNAC2a; D — Td29b

A

D

C

B

Fig. 2. The electrophoregrams denoting PCR-products segregation of DNA marker systems: 
A — TaNAC2a; B — TaWRKY19; C — Td29b 

Lanes 1–6 — common wheat varieties (Glenlea, Comanche, Wilbur, Granero Inta, Tobarito M 97,  V-17); 
M — marker of molecular weight GeneRuller™ DNA Ladder Mix

A B C
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represented amplified fragments of 173 and 
188 bp, second — 188 and 200 bp, the third — 
of 173 and 200 bp (Fig. 3). Moreover, Ukrainian 
varieties showed greater diversity, than those 
foreign ones. The frequencies for each allele 
of amplified fragments among Ukrainian 
varieties are 0.52 (173+188 bp), 0.28 
(173+188 bp) and 0.2 (173 + 200 bp). On the 
con trast, a set of amplified fragments 188+
+200 bp was not observed among 36 foreign 
varieties obtained from the CIMMYT. In addition, 
only two samples (Millaleau Inia and Tobarito M 
97) possessed 173+200 bp pattern. Thereafter, 
frequencies for these two allele of amplified 
fragments among the CIMMYT varieties were 
0.944 (173+188 bp) and 0.056 (173+200 bp). 
The results on the DNA polymorphism study 
of TaWRKY2 locus are indicated in the Tables 2 
and 3.

Fig. 3. The electrophoregram depicting DNA 
polymorphism of TaWRKY2 locus: Lanes 1 — 

Odeska 267; 2 – Poliska 90; 3 — Darunok Podillia; 
4 — Podolianka; 5 – Astarta; 6 — Kryzhynka; 7 — 
Sotnytsia; 8 – Zolotokolosa; M — molecular weight 

marker GeneRuller™ DNA Ladder Mix

Table 2. Detected DNA polymorphism of TaWRKY2 locus in Ukrainian varieties

Variety Originator Amplified 
fragment, bp Variety Originator Amplified 

fragment, bp

Astarta IPPG NASU 173, 200 Poliska 90 NSC “IA NAAS” 173, 188

Bohdana IPPG NASU 173, 188 Shchedrivka 
Kyivska

IPPG NASU
NSC “IA NAAS” 173, 188

Bunchak PBGI NCSCI 
NAASU 173, 188 Slavna IPPG NASU 188, 200

Darunok Podillia IPPG NASU 173, 188 Smuhlianka IPPG NASU 188, 200

Drevlianka n.a. 173, 188 Solomiia IPPG NASU 173, 188

Favorytka IPPG NASU 173, 200 Sonata
Institute of Field and 
Vegetable Crops, Novi 

Sad, Serbia
173, 200

Hileia IPPG NASU 188, 200 Sotnytsia IPPG NASU 188, 200

Kryzhynka RMIW NAASU
IPPG NASU 173, 200 Spasivka IPPG NASU 188, 200

Natalka IPPG NASU 173, 188 Vesnianka IPPG NASU 188, 200

Novokyivska IPPG NASU 173, 200 Yatran 60 IPPG NASU 173, 188

Odeska 267 PBGI NCSCI 
NAASU 173, 188 Yednist PBGI NCSCI NAASU 173, 188

Pereiaslavka IPPG NASU 173, 188 Zolotokolosa IPPG NASU 188, 200

Podolianka IPPG NASU 173, 188

Note: IPPG NASU — Institute of Plant Physiology and Genetics, National Academy of Sciences of 
Ukraine; PBGI NCSCI NAASU — Plant Breeding and Genetics Institute — National Center of Seed and 
Cultivar Investigation, the National Academy of Agrarian Sciences of Ukraine; RMIW NAASU — The 
V.M. Remeslo Myronivka Institute of Wheat, the National Academy of Agrarian Sciences of Ukraine; NSC “IA 
NAAS” — National Scientific Centre “Institute of Agriculture of the National Academy of Agrarian Sciences 
of Ukraine”; n.a. — not available. http://www.wheatpedigree.net, State register of plant varieties suitable 
for distribution to Ukraine of the Ministry of Agrarian Policy and Food of Ukraine  http://www.sops.gov.ua/
reestr-sortiv-roslin.
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Table 3. Detected DNA polymorphism of TaWRKY2 locus in varieties from germplasm collections 
of the CIMMYT

Variety Locality Originator*
Year of 

registra-
tion

Amplified 
fragment, 

bp

1 2 3 4 5

AC Vista Canada (Saskatchewan)
Agriculture and Agri-Food Canada Semi-
arid Prairie Agricultural Research Cen-

tre, Swift Current
1996 173, 188

Albis Switzerland (Zurich) Federal Research Station for Agronomy 1983 173, 188

Anza Mexico, USA (California) California Agricultural Experiment Sta-
tion 1971 173, 188

Batavia Australia (Queensland) Queensland Wheat Research Institute 1991 173, 188

Caribo Germany Heidenreih, Bad-Schwartau 1968 173, 188

Cenad-512 Romania n.a. 1958 173, 188

Comanche USA (Kanzas) Kansas Agricultural Experiment Station 1942 173, 188

D-12 Peru n.a. 1972 173, 188

Excalibur Australia (South-Australia) RAGT 1990 173, 188

Gabo Australia
(New-South-Wales)

University of Sydney Plant Breeding 
Institute, Cobbitty 1942 173, 188

Glenlea Canada (Manitoba) University of Manitoba 1972 173, 188

Grande-
Del-Monte Venezuela n.a. n.a. 173, 188

Granero 
Inta Argentina Inta 1987 173, 188

Inia-F-66 Mexico INIA, CIMMYT 1966 173, 188

Iskamish-
K-2-Light Afghanistan n.a. 1975 173, 188

Janz Australia (Queensland) Queensland Wheat Research Institute 1989 173, 188

Katunga Australia (Victoria) n.a. 1992 173, 188

Ke Feng 2 China (Heilongjiang) Keshan WRI 1979 173, 188

Kimmo Finland n.a. 1941 173, 188

Klein Fa-
vorito Argentina E. Klein 1920 173, 188

Kulin Australia (Western-Aus-
tralia) Department of Agriculture, W.A. 1986 173, 188

Manital Italy Samoggia Luigi, Bologna 1981 173, 188

Millaleau 
Inia Chile INIA, CIMMYT 1982 173, 200

Recital France Benoist 1986 173, 188

Rokycans-
ka sametka Czechoslovakia n.a. 1899 173, 188

Safed Le-
rma India Indian Agricultural Research Institute 1967 173, 188

Sakha 69 Egypt Agricultural Research Center, Giza 1980 173, 188

Svenno Sweden W. Weibull 1953 173, 188

Talimka Kyrgyzstan Kirgizskaya GSS 1940 173, 188

Tobarito 
M 97 Mexico CIMMYT 1997 173, 200
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According to CDS sequence of TaWRKY2 
(GenBank ID EU665425.1), the primer pair for 
this TF locus is likely to amplify the fragment 
of 188 bp long. Such a fragment was observed 
through the study; however, not all the wheat 
samples possessed it. Consequently, there must 
be an indel mutation, which is likely to form 
another allele.

The old wheat landraces is the source of 
potential genes of interest which can be of 
great value for common wheat improvement 

in modern breeding programs. Thus, the 
following screening of a number of wheat 
landraces and interspecific hybrids was 
carried out. The data were indicated in 
the Table 4. As it can be seen from the 
table, most of them carried fragments 
of 173+188 bp (46 among 52 samples, 
frequency — 0.88). On the other hand, 
all the 3 fragments (173, 188 and 200 bp) 
were amplified from 2 wheat accessions 
(T. spelta var. duhamelianu Baulaender and 

Table 3. End

1 2 3 4 5

Tobarito 
M 97 Mexico CIMMYT 1997 173, 200

Tselin-
naya-Yu-
bileinaya

Kazakhstan Kazakhskiy NII zernovogo khozyaystva 1988 173, 188

V-17 Mexico CIMMYT 1968 173, 188

Wilbur USA (Oregon) W.J. Mariner 1897 173, 188

Zambesi Zimbabwe Salisbury AES 1963 173, 188

Zerdakia Iraq n.a. n.a. 173, 188

Zirka Ukraine
Plant Breeding and Genetics Institute, 

National Academy of Agrarian Sciences 
of Ukraine

1984 173, 188

Note: n.a. — not available; * — from the Genetic Resources Information System for Wheat and Triticale 
(http://www.wheatpedigree.net/) provided by Vavilov Research Institute of Plant Industry (VIR) and 
International Maize and Wheat Improvement Center (CIMMYT).

Table 4. Detected DNA polymorphism of TaWRKY2 locus in old wheat species, distant and interspecific 
hybrids

Species/Hybrid/Cross Subspecies Country of 
originator

Amplified 
fragment, bp

1 2 3 4

AD T. persicum/Ae. tauschii Japan 173, 188

AD T. dicoccum/Ae. speltoides Azerbaijan 173, 188

AD Ae. ventricosa/T. dicoccum Russia 173, 188

AD T. aestivum/Ae. comosa Russia 173, 188

AD 217 T. timopheevii/Ae. umbellulata Japan 173, 188

AD 7 T. ispahanicum/Ae. cylindrical Azerbaijan 173

AD 8 T. dicoccum/Ae. triuncialis Azerbaijan 173, 188

Aegilotricum cylindroaesti-
vum Aegilops cylindrica/T. aestivum Armenia 173, 188

Haynatricum T. dicoccum/Dasypyrum villosum Russia 173, 188

PAH-31 T. dicoccum/T. monococcum Russia 173, 188

PEAH T. dicoccum/Ae. tauschii Russia 173, 188

T. dicoccum Schuebl. var. rufum Sweden 173, 188
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Table 4. Продовження

1 2 3 4

T. dicoccum Schuebl. var. aeruginosum Azerbaijan 173, 188

T. dicoccum var. aeruginosum Runo Russia 173, 188

T. dicoccum var. serbicum Polba 3 Russia, 
Udmurtia 173, 188

T. dicoccum var. dicoccum Ukraine 173, 188

T. dicoccum var. nigroajar Ethiopia 173, 188

T. dicoccum var. rufum Ukraine 173, 188

T. dicoccum var. aeruginosum Russia, 
Dagestan 173, 188

T. dicoccum var. semicanum Germany 173, 188

T. dicoccum Polba Kokchetavska Kazakhstan 173, 188

T. dicoccum var.vasconicum Crjunella Spain 173, 188

T. dicoccum var. rufum Spain 173, 188

T. dicoccum var. atratum Poland 173, 188

T. dicoccum n.a. Kazakhstan 173, 188

T. dicoccum Schuebl. var. serbicum Belarus 173, 188

T. dicoccum Schuebl. var. dicoccum n.a. 173, 188

T. dicoccum Schuebl. var. serbicum Chervona krasa Belarus 173, 188

T. dicoccum Schuebl. var. haussknachtianum Bolshaia holova India 173, 188

T. dicoccum Schuebl. var. loganse Polba Kokchetavska n.a. 173, 188

T. dicoccum Schuebl. var. volgense Vernal USA 173, 188

T. dicoccum Schuebl. var. aeruginosum Armenia 173, 188

T. dicoccum Schuebl. var. serbicum Russia 173, 188

T. dicoccum Schuebl. var. volgense Russia 173, 188

T. dicoccum Schuebl. var. haussknachtianum Kazakhstan 173, 188

T. dicoccum Schuebl. var. haussknachtianum Azerbaijan 173, 188

T. dicoccum Schuebl. var. aeruginosum Runo Russia 173, 188

T. ispahanicum var. ispahanicum Iran 173, 188

T. kiharae T. timopheevii  Ae.tauschii Japan 173, 188

T. macha var. palaeoimereticum Georgia 173, 188

T. sinkajae var. sinskajae Russia 173

T. spelta var. album Canada 173, 188

T. spelta var. caeruleum CDC Zobra Canada 173, 188

T. spelta var. griseoturanorecens Tajikistan 173, 188

T. spelta var. duhamelianum Poland 173, 188

T. spelta var. duhamelianum Baulaender Germany 173, 188, 200

T. spelta var. duhamelianum Frankenkorn Germany 173, 188
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T. vavilovii var. vavilovii) representing 
frequency 0.04 only.  Three wheats 
(frequency — 0.06) had only one type of 
fragment (173 or 188 bp). The only sample 
(frequency — 0.02) (T. hexapolonicum) had 
fragments of 173+200 bp.

Additionally, four rye verities (Avgust, 
Khmarka, Remington and Stoir) were tested for 
polymorphism in TaWRKY2 locus. As a result, 
the only fragment of 200 bp was detected in 
each sample. This fact shows that other cereal 
crops might have the TaWRKY2 gene too.

The study of the genes, that impact greatly 
on drought response, is of great value for 
wheat improvement in present-day plant 
breeding programs. The current research 
reveals knowledge on DNA polymorphism 
of three transcriptional factors (TaNAC2a, 
TaWRKY2, TaWRKY19) and the dehydrin 
(Td29b) genes which can be applied for MAS. 
During the analysis the gene structure and 
chromosomal location were established. 
Thus, TaWRKY2 and TaWRKY19 genes 
comprised of 4 exons and 3 introns (2BS and 

1DS, respectively); TaNAC2a — 2 exons and 1 
intron (7AS); Td29b — single exon gene (3AS).

In the result of this study, no polymorphism 
was observed for gene loci TaNAC2a, 
TaWRKY19 and Td29b by means of preselected 
primer pairs. In contrast, polymorphic bands 
were detected for TaWRKY2 locus that did not 
correspond to CDS from GenBank. This fact 
indicated the presence of some other possible 
alleles of the gene.
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Climate Change” (state registration number 
0117U000385) provided by the National 
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authors express their sincere gratitude 
to Professor Nikolai Borisjuk for critical 
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ПОЛІМОРФІЗМ ГЕНІВ ДЕЯКИХ 
ТРАНСКРИПЦІЙНИХ ФАКТОРІВ, 

ЩО ПОВ’ЯЗАНІ З ПОСУХОСТІЙКІСТЮ 
ПШЕНИЦІ 
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Метою дослідження було вивчити полі-
морфізм попередньо відібраних локусів генів 
трьох транскрипційних факторів (TaNAC2a, 
TaWRKY2, TaWRKY19) та протеїн пізнього 
ембріогенеза (LEA) дегидрину (Td29b), пов’я-
заних зі стійкістю пшениці до посухи. Струк-
туру генів та хромосомну локалізацію було 
встановлено за допомогою біоінформаційних 
підходів. З’ясовано, що гени TaWRKY2 та 
TaWRKY19 складаються з 4 екзонів і 3 інтро-
нів, локалізованих на плечах 2BS та 1DS хро-
мосоми, відповідно; TaNAC2a містить 2 екзони 
та 1 інтрон 7АS. Ген Td29b містить один екзон 
3АS. У результаті використання полімеразної 
ланцюгової реакції не було виявлено полімор-
фізму для локусів генів TaNAC2a, TaWRKY19 
та Td29b за допомогою попередньо відібраних 
пар праймерів. Проте для локусу TaWRKY2 
виявлено поліморфні фрагменти. Скринінг по-
ширення поліморфних локусів проводили для 
набору сортів пшениці та жита, давніх пше-
ниць та міжвидових гібридів. Поліморфізм ло-
кусу TaWRKY2 свідчить про наявність деяких 
інших алелів цього гена. Ці дані є важливими 
для подальших досліджень посухостійкості 
пшениці.

Ключові слова: Triticum spp., полімеразна 
ланцюгова реакція, фактори транскрипції, 
TaNAC2a, TaWRKY2, TaWRKY19, LEA, 
Td29b, посухостійкість.
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Целью исследования было изучение поли-
морфизма предварительно отобранных локу-
сов генов трех транскрипционных факторов 
(TaNAC2a, TaWRKY2, TaWRKY19) и проте-
ин позднего эмбриогенеза (LEA) дегидрина 
(Td29b), связанных с устойчивостью пшени-
цы к засухе. Структура генов и хромосомная 
локализация определены с помощью биоин-
формационных подходов. Установлено, что 
гены TaWRKY2 и TaWRKY19 состоят из 4 
экзонов и 3 интронов, 2BS и 1DS хромосомы, 
соответственно; TaNAC2a содержит 2 экзона 
и 1 интрон 7АS. Ген Td29b состоит из одного 
экзона 3АS. В результате использования по-
лимеразной цепной реакции не было выявлено 
полиморфизма для локусов генов TaNAC2a, 
TaWRKY19 и Td29b с помощью предваритель-
но отобранных пар праймеров. Однако для 
локуса TaWRKY2 обнаружены полиморфные 
фрагменты. Скрининг распространения поли-
морфных локусов проводили для набора сортов 
пшеницы и ржи, древних пшениц и межвидо-
вых гибридов. Полиморфизм локуса TaWRKY2 
свидетельствует о наличии других аллелей это-
го гена. Эти данные важны для дальнейших ис-
следований устойчивости пшеницы к засухе.

Ключевые слова: Triticum spp., полимеразная 
цепная реакция, факторы транскрипции, 
TaNAC2a, TaWRKY2, TaWRKY19, LEA, 
Td29b, засухоустойчивость.
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The effectiveness of biological wastewater 
treatment depends on many factors: the dose 
of activated sludge, temperature, pH, daily 
wastewater consumption, etc. However, the 
most important and most energy-consuming is 
the degree of sewage saturation with oxygen. 
In the process of sewage aeration, pneumatic 
systems are widely used, which provide 
sufficient concentration of dissolved oxygen in 
the sludge mixture and its mixing. The search 
for ways to saturate the sludge mixture with 
air oxygen with reduced energy consumption 
remains an urgent problem [1, 2]. One of these 
methods is the use of hydromechanical systems 
of aeration. It is known that such aeration 
systems have lower specific energy expenditure 
compared with more commonly used pneumatic 
systems [3, 4]. Loop reactors with jet mixing 
are not widely used in biological treatment 
of sewage. However, it is known that such 
reactors create favorable conditions for the 
effective dissolution of oxygen in water. 
The induced air in the conditions of intense 
mixing and turbulent flows is dispersed in the 
form of microbubbles, greatly increasing the 
phase separation surface, which facilitates its 
dissolution [5]. However, the passage of sludge 

mixture through a centrifugal pump and high 
velocities of passage through pipelines can 
cause mechanical damage to microorganisms 
of activated sludge [6, 7]. In addition, the 
sedimentation properties of activated sludge 
deteriorate as a result of mechanical damage 
to the activated sludge, which complicates its 
further separation [8].

The purpose of the study is to search for 
the design of an aerator-oxidizer and rational 
parameters of its work to ensure the mild 
conditions of oxygen mixing and dissolution, 
in which there is no violation of the state of 
activated sludge.

The objectives of the study are:
– estimation of the stability of sludge 

mixture parameters at different setup modes 
and aerator-oxidizer design;

– determination of the efficiency of 
contaminants removing by the criteria of 
chemical oxygen demand (COD).

Materials and Methods

The research was carried out on the basis 
of the experimental aeration-oxidative jet-
looped setup at the Institute of Engineering 
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The purpose of the study was the design of an aerator-oxidizer and optimal parameters of its work 
to ensure the conditions of mixing and dissolution of oxygen, in which there is no disturbance of the 
state of activated sludge. The testing of the work of the aeration-oxidation setup of rotor type with the 
use of a sludge mixture with different design of aerator-oxidizers and in different operating modes was 
performed. The assessment of the effect of processing on the state of the activated sludge was carried 
out according to standard parameters: sludge index, chemical oxygen demand. In addition, the number 
and state of activated sludge organisms were evaluated. The results of qualitative and quantitative 
analysis of activated sludge before and after processing in the setup are presented. The parameters in 
which the activated sludge functions in satisfactory mode are revealed.
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Thermophysics of the National academy of 
sciences of Ukraine (Fig. 1). Oxygen saturation 
of the treated medium and its mixing takes 
place in the aerator-oxidizer, which is rotary-
pulsating apparatus (RPA). The research was 
carried out using two aerator-oxidizers of 
different design.

The working volume of the first aerator-
oxidizer is 0.0014 m3. The main element of this 
device is the rotary-pulsating knot (RPK1), 
which consists of two rotors, connected in 
a single rotor knot (RK), and stator. The 
rotors have the following design parameters: 
internal radius of a small rotor Rsr = 56 mm, 
of a large rotor Rlr = 65 mm; the dimensions 
of the slits a = 3 mm; height hsl = 5 mm; angle 
between them is 6; number m = 60. The gap 
between the rotor and the stator in the RPK 
is  = 0.15 mm. Structural parameters of the 
stator are as follows: internal radius Rst = 61 
mm; the dimensions of the slits a = 3 mm; 
height hsl = 5 mm; angle between them is 6; 
number m = 60.

The second type of aerator-oxidizer, with a 
volume of 0.0014 m3, contains RPK2 consisting 
of one rotor and a stator. The structural 
parameters of the rotor are: internal radius 
Rint = 40 mm; external radius Rext = 70 mm. 
The rotor contains 12 round holes with a 
diameter dh = 12 mm. Structural parameters 
of the stator: internal radius Rst.int = 70 mm; 

external radius Rst.ext = 75 mm. The number of 
holes is 20. The gap between the rotor and the 
stator is = 0.3 mm.

As a parameter characterizing the 
conditions of medium processing in the RPA 
and can serve for different structures of the 
RPA comparison, the rate of the flow shift was 
chosen, which is determined by the formula:

1 , 


R s


,
                    

(1)

where  is the angular velocity of the rotor, 
s–1; R is the radius of rotor, m; μ is the gap 
thickness between the cylinders, m.

In the work, the determination of the doses 
of activated sludge by dry substance a and 
volume V, and sludge index I were performed.

The dose of activated sludge was calculated 
by the formula:

32 1( )
1000, g / dm

m m
a

v


  .            (2)

Determination of the dose of activated 
sludge by volume lie in gravity sedimentation 
of the sludge mixture (Vs = 200 cm3) for 
30 min with subsequent determination of 
the volume Vsl, which takes the sludge after 
sedimentation, and recalculated to 1 dm3:

3 31000, cm / dmsl

s

v
V

v
 

            
  (3)

Fig. 1. Aaeration-oxidative jet-looped setup: 
A — the chart; B  — RPK 1; C — RPK 2. 

1 — storage capacity with internal cylinder; 2 — aerator-oxidizer; 3 — damper; 4 — three-way valve; 5 — 
recirculation pipeline; 6 — two-way valve; 7 — engine; 8 — cooling shirt; 9 — flow meter; 10 — manometer; 

11 — thermometer; 12 — air flow meter; MCU is a management and control unit

C

B

A
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In order to determine the dose of activated 
sludge a, the sludge mixture of volume V = 
50 cm3 was collected, which was filtered on 
a pre-dried and weighed paper filter “white 
tape”  of mass m1 and dried to constant weight 
m2 at 105 C for six hours.

The sludge index is defined as the ratio of 
activated sludge dose of volume V to its dose а 
of dry matter:

3, cm / g
V

I
a

                            (4)

Investigation of activated sludge was 
carried out using a trinocular microscope 
of XSP-139TP Ulab model, equipped with 
an eyepiece with an increase of 10 and 
lenses with magnifications of 10, 20 and 
40. In addition, the Carl Zeiss Axio Imager 
microscope was used.

To calculate the number of groups of 
activated sludge organisms, the method of 
“Calibrated drop”  [9] was used. A sample 
of 150 cm3 of sludge mixture was collected, 
0.1 cm3 of fluid was collected from it after 
preliminary mixing with a micropipette, 
placed on object glass and covered with 
1818 mm cover glass. Three such specimens 
were made. In each specimen, the number of 
organisms was counted in 10 fields of vision 
under a microscope with an increase of 100. 
The number of organisms D in 1 cm3 of sludge 
mixture was determined by the formula:

3
2

, cell / cm ,
S d

D
r



   

                     

(5)

where d is the number of organisms in one field 
of view (the arithmetic mean of the examined 
fields of view); r is radius of field of view in 
mm; S is the area of cover glass in mm2;  is the 
volume of used liquid, cm3.

Active sludge for research was taken 
from the sludge chamber after the secondary 
settling stations of Bortnitskaya aeration 
station in Kyiv. It represents an association of 

microorganisms such as bacteria, mushrooms, 
actinomycetes, diatoms, green microalgae, 
as well as protozoa and some multicellular 
animals (flagellates, sarcodes, infusoria, 
worms, rotifers, etc.). Microphotographs of 
activated sludge are shown in Fig. 2.

The studies were conducted in two 
replicates. In both samples, the sludge is 
moderately-laden, no filamentous bacteria, 
but infusoria of the genera: Paramecium, 
Vorticella, Epistylis, Euplotes; rotifers of 
the genera: Habrotrocha, Epipheres, Rotaria, 
Pleurotrocha are present. In the second sample, 
the estimated number of organisms was 
determined, where the number of infusoria 
was 3 335 individuals per cm3, and the number 
of rotifers — 205 individuals per cm3. The both 
samples of activated sludge parameters are 
presented in Table 1. For further investigation 
of the purification effect by the COD 
parameter, a new sample of activated sludge 
was selected: the dose of sludge in volume is 
880 cm3/dm3. Sludge index is 110 cm3/g.

For a qualitative assessment of sewage 
pollution, a standard method for chemical 
oxygen demand determining for 2 hours was 
used — COD.

The volume of sludge mixture was 
30 dm3 with a sludge concentration of 
2.5 g/dm3, which was obtained by diluting the 
activated sludge with settled tap water (when 
evaluating the parameters of activated sludge 
in the first stage of the research) and with 
sewage (in determining the degree of sewage 
treatment) in the apparatus before the start 
of experiments.

Results and Discussion

Table 1 shows the initial parameters of 
activated sludge, which was selected for 
research conducting at Bortnitskaya aeration 
station.

The first 3 experiments were aimed at 
rational parameters of setup work and its 
design finding. The following two studies 
were conducted to assess the depth of sewage 
treatment by COD index.

The first study of the parameters of 
activated sludge in the aeration-oxidative jet-
looped setup was carried out at a rate of flow 
shift of 112·103 s–1, which is minimal for this 
apparatus. The temperature of the sludge 
mixture was 21.7 C. The treatment time was 
40 minutes. Sampling was performed every 
10 minutes. An aerator-oxidizer with RPK1 
was used. The results are presented in Table 2 
and in Fig. 3.

Fig. 2. Microphotography of activated sludge with 
magnification of 200
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The second study of activated sludge in 
setup was carried out at a rate of flow shift 
of 140·103 s–1. The temperature of the sludge 
mixture was 21.7 C. An aerator-oxidizer 
with RPK1 was used. Processing time was 
40 minutes. Sampling was performed every 
10 minutes. The results are presented in 
Table 3, in Fig. 4 and Fig. 5.

The third study of activated sludge in the 
setup was carried out at a rate of flow shift of 
70·103 s–1. The temperature of sludge mixture 
was 21.7 С. An aerator-oxidizer with RPK2 
was used. Processing time was 28 minutes. The 
results are presented in Fig. 6 and Fig. 7.

The following studies were conducted using 
an aerator-oxidizer with RPK2.

The fourth biological wastewater treatment 
experiment was conducted at a rate of flow 
shift of 70·103 s–1. The temperature of the 
sludge mixture was 24 С. Processing time was 
4 hours. Sampling was carried out before the 
study, at the 2nd hour, at the 3rd hour and at its 
completion. The results are presented in Table 4.

The fifth experiment on biological 
wastewater treatment was carried out with a 
reduced rate of flow shift — 56·103 s–1. The 
temperature of the sludge mixture was 24 С. 
Processing time was 4 hours. Sampling was 
carried out before the study, at the 2nd hour, at 
the 3rd hour and at its completion. The results 
are presented in Table 4.

Table 1. Parameters of activated sludge selected at Bortnitskaya aeration station

Samples
№№

Dose of activated 
sludge, а, g/dm3 Average dose of 

activated sludge, 
аav, g/dm3

Dose of activated 
sludge 

V, сm3/dm3
Average dose of 
activated sludge 

Vav, сm3/dm3

Sludge 
index, 

І, dm3/g
І ІІ І ІІ

1 8.28 8.46 8.37 925 935 930 111.11

2 7.3 8.54 7.92 950 960 955 120.58

Note: 1 and 2 are successive samples; І and ІІ are parallel samples.

Table 2. Parameters of activated sludge after processing with a flow shift rate of 112·103 s–1

Samples
№№

Dose of activated 
sludge, а, g/dm3 Average dose of 

activated sludge, 
аav, g/dm3

Dose of 
activated sludge 

V, сm3/dm3
Average dose of 
activated sludge 

Vav, сm3/dm3

Sludge 
index, 

І, dm3/g
І ІІ І ІІ

C 0.8 0.74 0.77 60 65 62.5 81.17

4 0.68 0.74 0.71 60 65 62.5 88.02

Note: C — control, 4 — sample taken after 40 min of setup working; І and ІІ are repeated experiments.

Fig. 4. Microphotography of activated sludge with 
magnification of 100: 

A — control; B — the 4th sample

Fig. 3. Microphotography of activated sludge with 
magnification of 200: 

A — control; B — the 4th sample

A B

A B

Fig. 5. Microphotography of activated sludge 
with magnification of 400:

A — control; B — the 4th sample

A B
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Studies performed using an aerator-
oxidizer with RPK1, demonstrate the 
constancy of activated sludge parameters at a 
minimum angular rate of setup.

During the study of activated sludge 
at maximal angular rate, the destruction 
of activated sludge flakes and the death of 
eukaryotes were detected according to the 

results of microscopy (Fig. 5, B and Fig. 6, B). 
Significant growth of sludge index was noticed 
(Table 3).

Thus, in the third study with the usage of 
aerator- oxidizer with RPK2, it was established 
that the parameters of activated sludge at 
maximum angular rate of the setup were 
unchanged.

Table 3. Parameters of activated sludge after processing with the rate of flow shift of 70·103 s–1

Samples
№№

Average dose of 
activated sludge Vav, 

сm3/dm3

Average dose of 
activated sludge, аav, 

g/dm3

Sludge index, 
І, dm3/g

Time from the start of 
the setup working t, 

min

C 82.5 0.64 128.91 0
1 90 0.61 147.54 10

2 90 0.56 160.71 20

3 90 0.52 173.08 30

4 77.5 0.47 164.89 40

Note: see note to the Table 2.

Fig. 6. Microphotography of activated sludge with magnification of 400: 
A — control; B is a sample

A B

Fig. 7. Microphotography of activated sludge with increase of 400:
A — control; B is a sample

A B
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During the fourth study, the crushing 
of activated sludge flakes starting from the 
first hour of the experiment was observed. At 
the 3rd hour of the experiment, there was a 
complete destruction of activated sludge flakes 
and the death of infusoria and rotifers — the 
remnants of the outer shells of these organisms 
are present. Further destruction of particles 
in the sludge mixture has led to an increase of 
pollution by the index of COD.

During the fifth study, the sludge retained 
viability throughout the experiment, but still 
there was a crushing of activated sludge from 
the first hour of treatment, which also led to 
the re-contamination of sewage.

It should be noted that secondary 
contamination of sewage apparently was 
the result of a fairly harsh conditions of the 
experiment. Thus, when the rate of flow 

shift was 70·103 s–1 and the volume of sludge 
mixture was 30 dm3, the frequency of its 
passing through the slotted holes of RPK 
aerator-oxidizer was 240 times per hour, or 
four times per minute, that does not meet the 
actual processing on treatment facilities.

It is found that using the second option 
of aerator-oxidizer provides soft mixing 
and aeration mode of the mixture that does 
not lead to the destruction of sludge and 
significant changes in its parameters (sludge 
index, sludge flakes integrity, protozoa and 
multicellular animals by samples microscopy). 
Further research will be directed to study the 
dynamics of wastewater biological treatment, 
removal efficiency of organic pollution 
and rational parameters of the purification 
process finding.

Table 4. Effect of sewage treatment in the setup

Experiment Sample №№ Processing duration, t, h COD, mg O2/dm3

І

control 0 200
2 1 –

3 2 160

4 3 220

5 4 240

ІІ

control 0 113

2 1 180

3 2 167

4 3 167

5 4 –
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ВИКОРИСТАННЯ АЕРАЦІЙНО-
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РОТОРНОГО ТИПУ ДЛЯ БІОЛОГІЧНОГО 
ОЧИЩЕННЯ СТІЧНИХ ВОД
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Метою дослідження був пошук конструкції 
аератора-окиснювача та оптимальних параме-
трів його роботи для забезпечення умов пере-
мішування та розчинення кисню, за яких не 
відбуватиметься порушення стану активного 
мулу.

Проведено випробування роботи аерацій-
но-окиснювальної установки роторного типу з 
використанням мулової суміші з різними кон-
струкціями аераторів-окиснювачів і за різними 
режимами роботи. Оцінювання впливу обробки 
на стан активного мулу здійснено за стандарт-
ними показниками: муловий індекс, хімічне 
споживання кисню. Також оцінено кількість 
і стан організмів активного мулу. Наведено 
результати якісного й кількісного аналізів ак-
тивного мулу до та після обробки в установці. 
Виявлено параметри, за яких активний мул 
функціонує в задовільному режимі.

Ключові слова: активний мул, стічні води, 
аератор-окиснювач, муловий індекс.

ИСПОЛЬЗОВАНИЕ АЭРАЦИОННО-
ОКИСЛИТЕЛЬНОЙ УСТАНОВКИ 

РОТОРНОГО ТИПА 
ДЛЯ БИОЛОГИЧЕСКОЙ ОЧИСТКИ 

СТОЧНЫХ ВОД

О. М. Ободович1

Л. А. Саблий2
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Целью исследования был поиск конструк-
ции аэратора-окислителя и оптимальных па-
раметров его работы для обеспечения условий 
перемешивания и растворения кислорода, при 
которых не будет происходить нарушение со-
стояния активного ила. 

Проведены испытания работы аэрацион-
но-окислительной установки роторного типа 
с использованием иловой смеси с различными 
конструкциями аэраторов-окислителей и в 
разных режимах работы. Оценку влияния об-
работки на состояние активного ила осущест-
вляли по стандартным показателям: иловый 
индекс, химическое потребление кислорода. 
Также оценивали количество и состояние ор-
ганизмов активного ила. Приведены результа-
ты качественного и количественного анализов 
активного ила до и после обработки в установ-
ке. Выявлены параметры, при которых актив-
ный ил функционирует в удовлетворительном 
режиме.

Ключевые слова: активный ил, сточные воды, 
аэратор-окислитель, иловый индекс.
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CRM197 protein (cross-reacting material 
197) is a non-toxic point mutant of diphtheria 
toxin (DT) produced by C7 Corynebacterium 
diphtheriae strain which was lysogenically 
transformed by a mutated corynephage , 
containing the altered tox+ gene. Mutated 
phage named 197tox– was obtained by 
nitrosoguanidine treatment of toxigenic 
С7() C. diphtheriae, containing prophage , 
during the lytic phase induced by UV-light 
exposure. Then C7(–) C. diphtheriae cells were 
transformed by the resulted phage mutants 
and obtained lysogenic clones were tested for 
production of non-toxigenic material that was 
cross-reacting with anti-DT polyclonal antibodies 
[1]. Clone 197 which produced crossreacting 
with DT protein, was found to synthesize a 
DT polypeptide chain with a single Gly52Glu 
mutation [2] which leads to an almost complete 
loss of the catalytic activity of A-subunit of 
DT. Apart from this single mutation, protein 

CRM197 structure is absolutely the same as that 
of the native toxin: its molecule contains subunit 
A with a non-active catalytic or C-domain and 
subunit B which comprises functional and entire 
receptor or R-domain (Rd) and translocation or 
T-domain (Td). 

It should be noted that the ability of native 
DT to inhibit the growth of malignant cells 
in resistant to toxin mice has been already 
known for a relatively long time [3]. The non-
toxic to DT-sensitive species, CRM197 turned 
out to be a promising agent in applying to 
humans. It has been demonstrated that this 
toxoid effectively inhibits the growth of 
human malignant cells in vivo in nude mice 
model [4–6] and increases survival of patients 
with progressive cancer [7–9]. There are a 
lot of evidence that CRM197 is effective in 
suppressing the cancer of breast [6, 10, 11], 
oral cavity [12], stomach [13], immune cells 
[14] and ovaries [4, 5]. 
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The aim of the work was to evaluate in vitro the cytostatic effect of recombinant fragments of the 
non-toxic point mutant of diphtheria toxin — CRM197, which was suggested as a potent medication for 
treatment of triple negative breast cancer. For this purpose, non-toxic recombinant derivatives of 
diphtheria toxin — CRM197, subunit B SbB and receptor domain Rd had been isolated by Ni-NTA 
agarose affinity chromatography and their effect on the growth of individual colonies of triple negative 
breast cancer MDA–MB–231 cells were characterized by such parameters as average colony area, 
perimeter and circularity index. According to the obtained results, CRM197 and SbB, whose molecules 
contain the translocation domain Td, exhibited the same cytostatic effect against MDA–MB–231 cells, 
reducing the area and perimeter of individual colonies. Rd protein did not affect the last two parameters 
that characterize the size of the colonies, but changed the form of the margin of colonies, as evidenced by 
an increase in the circularity index.

It is supposed that Td may be involved in the implementation of cytostatic action due to its inherent 
pore-forming activity in relation to lipid membranes. It is concluded that Rd and Td, unlike the catalytic 
domain of  diphtheria toxin, play important roles in the implementation of the cytotoxic properties of 
CRM197, while SbB consisting of Rd and Td is the structural DT fragment of smallest molecular weight 
that can be used as the analog of CRM197.
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Nowadays, CRM197 is already under-
going clinical trials for introduction in 
the therapeutic practice of human cancer 
treatment [8]. Production of CRM197 in 
Escherichia coli greatly facilitated the large-
scale manufacturing of this protein [15–17]. 

However, as a medicine for intraperitoneal 
administration, CRM197 possess essential 
disadvantages, as it preserves almost the full 
immunogenicity of the native DT. This means, 
that after the first few administrations, like 
native DT, toxoid CRM197 will provoke a 
strong immune response and its molecules 
will be eliminated fast from the bloodstream. 
Besides, some parts of the CRM197 molecule 
may be functionally superfluous, as they do 
not participate in the implementation of its 
cytostatic effect and may have potential side 
effects. We suppose that subunit A of CRM197 
may be of a low necessity in the realization of 
its anticancer properties.

Recombinant fragments of CRM197 
with smaller molecular weight can be less 
immunogenic than full molecule. Besides, 
these fragments could be constructed to 
contain only functionally beneficial structural 
parts. The anticancer potentials of different 
structural parts of the CRM197 molecule have 
not yet been studied. The aim of the present 
work was to evaluate the cytostatic effect 
of recombinant non-toxic fragments of DT 
molecule for finding a compound of a smaller 
molecular size, which preserve the most of the 
anticancer properties of entire CRM197. 

The effect of CRM197 on tumors is 
implemented by the interaction of this 
protein with growth factor HB-EGF. It 
was demonstrated that HB-EGF is often 
overexpressed in the transformed cells and that 
soluble form of HB-EGF (sHB-EGF) promotes 
the development of a malignant phenotype. 
Today, the gene of HB-EGF is considered to 
be strongly responsible for chemotherapy 
resistance [18]. Production of HB-EGF 
promotes cell surveillance and development 
of signs of oncogenic transformation. It 
is generally accepted that treatment with 
CRM197 leads to decrease in cell proliferation, 
because when sHB-EGF is bound to CRM197, 
it is unable to interact with its natural cell 
receptor EGFR [13,18,19]. 

There are some findings that sHB-EGF and 
its transmembrane precursor can be especially 
important targets for CRM197 in breast cancer 
therapy [10]. In the case of triple-negative 
breast cancer, there is no increase in expression 
of estrogen, progesterone and HER2 receptors 
in cells, which are targeted by conventional 

hormonal therapy (such as tamoxifen or 
aromatase inhibitors) or therapies that target 
HER2 receptors (Herceptin). However, there is 
an evidence that triple-negative breast cancer 
can be effectively suppressed by CRM197 [6, 
11, 19]. HB-EGF-targeted therapy for triple 
negative breast cancer is of a high relevance, 
as it can sufficiently increase surveillance in 
patients with this type of oncology. Thus, in 
the present study, it was decided to analyze 
the effects of DT toxoids in relation to triple 
negative MDA-MB-231 cell line, derived from 
the human organism. 

Previously in the department of 
molecular immunology at Palladin Institute 
of Biochemistry of the NAS of Ukraine was 
created a set of pET24(a)+-based plasmid 
genetic constructions for production of 
different non-toxic structural DT derivatives 
in BL21 Rosetta (DE3)  E. coli: CRM197 – the 
product of site-specific mutagenesis of native 
tox+ gene from PW8 C. diphtheriae strain [20]; 
SbB – subunit B of DT which contain the entire 
Td and Rd of DT [21]; Rd – entire receptor 
domain of toxin possessing no other structural 
parts. All of the above listed recombinant DT 
toxoids retain the ability to bind proHB-EGF 
on the surface of mammalian cells [22–25] and 
have been used in present work to evaluate 
the cytostatic effect of toxin recombinant 
derivatives produced and purified from E. coli 
on malignant cells. 

Materials and Methods

Materials and reagents. In present work 
there were used: acrylamide, ammonium 
persulfate, N,N,N,N-tetra methyl ethylene-
diamine, N,N-methylenebisacrylamide, 
phenylmethylsulfonyl fluoride (AppliChem 
GmbH, Germany);  chloramphenicol, 
kanamycin (Arterium Co., Ukraine); 
eukaryotic cell culture Petri dishes (Greiner 
Bio One, Great Britain); centrifugal filters with 
10 kDa nominal molecular weight limit (Merk, 
Germany); KCl, KH2PO4, NaCl, Na2HPO4, 
NaH2PO4, NaОН, mercaptoethanole (ME) 
(“Miranda-C”, Ukraine); crystal violet, 
imidazol, sodium deoxycholate (Shanghai 
Synnad, China); amphotericin B, foetal 
bovine serum (FBS), lyzozyme from chicken 
egg, paraformaldehyde, penicillin G, RPMI-
1640 media, streptomycin, LB media, tricine, 
tris-hydroxymethyl aminomethane, Triton 
X-100, urea (Sigma Aldrich, USA); human 
recombinant DNAse I, isopropyl -D-1-
thiogalactopyranoside, molecular weight 
markers for protein gel electrophoresis nickel-
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nitrilotriacetic acid agarose (Ni-NTA) (Thermo 
Fisher Scientific, USA). 

Production of CRM197, SbB and Td in E. 
coli cells. Creation of the pET24a(+)-based 
genetic constructs for expression of CRM197 
and SbB was described in [20,21]. Creation 
of pET24a(+)-Rd construct for expression 
of Rd was carried out as described in [20]. 
E. coli BL21 Rosetta (DE3) cells containing 
the appropriate expression vectors were 
cultivated on LB media with kanamycin and 
chloramphenicol at 37 C under rotation 
(250 rpm). Expression was induced by 
isopropyl -D-1-thiogalactopyranoside and 
conducted at 30°C under rotation (250 rpm). 

Bacterial peptidoglycan cell walls were 
digested by addition of 10 mg/ml lysozyme 
to bacteria suspension in 50 mM TrisHCl, 
1 mM EDTA, 100 mM NaCl, 0.01 M 
phenylmethylsulfonyl fluoride, pH = 8.0 
at 4 C. Then concentrations of MgCl2 and 
CaCl2 in resulted suspensions were brought to 
25 mM and 55 mM respectively, and protoplast 
membranes were destroyed by addition of 
40 mg/ml of sodium deoxycholate. Bacterial 
DNA was digested by DNAse I at room 
temperature until suspension become non-
viscous. Then the insoluble fraction of cell 
lysate containing inclusion bodies was collected 
by centrifugation and washed by resuspension 
in the initial cell solubilizing buffer solution 
containing 0,5% Triton X-100. 

Proteins CRM197, SbB and Rd were 
extracted from the water-insoluble fraction 
of bacterial cell lysate by 8 M urea in 250 mM 
NaH2PO4, 2.5 M NaCl, 10 mM imidazole 
and 10 mM -, pH = 8.0. Purification by 
imidazole elution gradient and refolding 
by decreasing urea and -ME concentration 
were carried out on Ni-NTA agarose. Eluted 
samples were dialyzed against phosphate 
buffered saline (PBS), 0.01 M Na2HPO4, 
0.002 M KH2PO4, 0.137 М NaCl, 0.003 М 
KCl, pH 7.4, and concentrated. The purity and 
concentration of the target proteins in resulted 
samples were estimated on tricine SDS-PAGE 
[26] electrophoregrams by gel densitometry 
using Fiji software. 

Cultivation of cancer cells. MDA-MB-231 
cells were obtained from the Bank of cell lines 
from human and animal tissues of Kavetsky 
Institute of Experimental Pathology, Oncology 
and Radiobiology of the National Academy of 
Sciences of Ukraine. Cells were maintained 
at 37 C and under 5% CO2 on RPMI-1640 
media with 10% FBS, 0.3 g/l Lglutamine, and 
antibiotics: 100 mg/l streptomycin 10 000 U/l 
penicillin G and 250 mg/l amphotericin B. 

Colony assay. To obtain individual colonies, 
5.5103 of MDA-MB-231 cells were seeded on 
plastic 60 mm Petri dishes on RPMI-1640 with 
10% FBS. Next day, when individual cells were 
already attached to the plastic surface, the 
medium was changed to RPMI-1640 with 5% 
FBS and 0.25410–6 M of a recombinant DT 
derivative of interest. Equal volumes of filtrates 
from the same protein samples, obtained by 
gravity concentration on the semi-permeable 
membrane, were used as controls. The absence 
of protein in the obtained controls was also 
demonstrated by SDS-PAGE. Cultivation in 
presence of DT recombinant derivatives was 
carried out during 7 days until colonies visible 
to the naked eye were formed. The medium was 
changed to fresh every 2–3 days.  After 7 days, 
cells were fixed by 5% of paraformaldehyde 
in PBS for 40 min at room temperature and 
stained with 0.2% crystal violet solution for 
3 h at 37 C under rotation (60 rpm). Excess of 
crystal violet dye was removed by washing 3 
times in deionized H2O under 37 C and rotation 
(60 rpm). Petri dishes were dried and scanned 
at 720 dpi, 48-bit color (Fig. 2). Size, perimeter 
and circularity of colonies on resulted pictures 
were analyzed by Fiji software. 

Area of colonies was calculated in pixels, 
perimeter — in arbitrary units. Shape 
descriptor of Fiji, that calculates object 
circularity, uses the formula: 

Circularity = 4*pi*(Area/Perimeter^2), 

that allows differentiating objects with same 
values of area and perimeter, but with different 
shapes. A circularity value of 1.0 indicates a 
perfect circle. A circularity value of 1.0 indicates 
a perfect circle. As the value approaches 0.0, it 
indicates an increasingly elongated polygon. 

Statistical data analysis. The mean values 
were calculated on the basis of 3 independent 
experiments in each case. Error bars represent 
the standard deviations or respective mean 
values. The t-test for experimental and control 
groups with a significance level of 0.05 was 
carried by Origin9 software. 

Results and Discussion

Characterisation of resulted protein samples 
by gel electrophoresis. After the lysis of E. coli 
cells, proteins CRM197, SbB and Rd were 
found in the insoluble fraction of the lysate, 
which suggest the accumulation of studied 
proteins in inclusion bodies. The effectiveness 
of in vitro renaturation (refolding, [22–28]) 
of fluorescently labeled diphtheria toxoids 
after urea extraction from the inactive water-
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insoluble state was demonstrated previously in 
[22–25]. SDS-PAGE showed the high purity and 
concentration of targeted proteins in resulted 
samples (Fig. 1). 

The growth of single MDA-MB-231 colonies 
in presence of DT recombinant derivatives. 
Previously, it has been shown that recombinant 
SbB at a concentration of 1.2810–6 М exhibits 
a sufficient cytotoxic effect on human 
histiocytic lymphoma cell line U937, which 
expresses a large amount of sHB-EGF [26–29]. 
In the present study, we decided to compare 
cytotoxicity of different DT derivatives which 
retain the receptor-binding ability in relation 
to HB-EGF. It was shown that presence of 
0.25410–6 М of recombinant CRM197, SbB 
and Rd in the culture media allow the single 
MDA-MB-231 cells to grow into colonies. 
Studied DT derivatives affected size and shape 
of MDA-MB-231 colonies arising from the 
single cells on the flat surface. 

It was found that toxin derivatives 
which contain Td (CRM197 and SbB) are 

more effective in inhibiting the growth of 
MDAMB231 colonies than toxin derivatives 
which do not contain Td (Rd). Parameter of 
colony area which characterize the growth of 
cancer cells, reduced significantly compared 
to controls in the presence of proteins CRM197 
and SbB (Fig. 3). The perimeter changes were 
generally in accordance with the area of the 
colonies. Compared to each other, CRM197 and 
SbB have approximately the same inhibitory 
effect on colony area and perimeter. In 
relation to controls, Rd did not affect the size 
and perimeter of the resulted MDA-MB-231 
colonies. Nevertheless, Rd has still exerted a 
significant influence on cells which resulted in 
the change of the colony shape.

To characterize the shape changes under 
the influence of recombinant DT derivatives, 
we use the parameter of circularity. 
Circularity — is a value that shows how the 
shape of a particular object approaches the 
shape of an ideal circle. In the case of colonies 
of eukaryotic cells, circularity characterizes 
the asymmetry and boarder of colonies 
which possibly may reflect the intercellular 
organization and interactions on the surface 
in 2D. Recombinant Rd significantly increased 
the circularity of growing MDA-MB-231 
colonies. 

Decrease in circularity of colonies can be 
a sign of a malignant phenotype since more 
disorganized cells on the surface should also 
have the increased ability to migrate and 
reduced capacity to form and maintain the 
intercellular contacts. It is naturally to assume 
that cells, forming colonies with a smaller 
circularity, can exhibit an increased ability of 
metastic invasion in vivo. Thus, it was decided 
that the increase in the circularity of MDA-
MB-231 colonies in 2D culture in presence of 
Rd may be an indicator of reduced expression 
of malignancy in Rd-treated cells. 

Fig. 1. SDSPAGE electrophoregram of CRM197, 
SbB and Rd samples: 

M — molecular weight markers

Fig. 2. MDAMB231 colonies, obtained from the single cells attached to the plastic surface and formed under:
 the presence of 10 mkg/ml (0.254 mkM) of SbB (right) and the equal volume of PBS (left) after 

7 days of culturing. Fixation with paraformaldehyde and crystal violet staining
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The most common hypothesis about the 
CRM197 antitumor effect is that this toxoid 
blocks the ability of sHB-EGF to bind its 
natural receptor EGFR. Besides, the affinity 
of the CRM197–HB-EGF interaction is of 
a relatively high value, which makes the 
mentioned protein complex stable from the 
reverse dissociation [10,13]. Inactivated 
by a toxoid, sHB-EGF is removed from 
the intercellular space, which leads to a 
weakening of the sHB-EGF-dependent 
paracrine and autocrine stimulation of 
cell proliferation. The role of the CRM197 
interaction with the transmembrane proHB-
EGF in the realization of its cytostatic effect 
has not been sufficiently investigated.

According to our results, it is suggested 
that Td is sufficiently involved in the 
realization of the total cytostatic effect 
of CRM197. The influence of Td on cell 
proliferation may suggest that recombinant 
DT derivatives can affect cells by their Td 
due to the inherent ion-conductive and pore-
forming properties of this domain regarding 
lipid membranes [30, 31]. The data on Td-
influence on cell growth which was obtained in 
present work is in a good agreement with the 
previous our data on the characterization of 
ion-conductive properties of CRM197 and SbB 

[32, 33], which strongly suggest that function 
of Td in E. coli-derived and in vitro renaturated 
recombinant products is well reproduced. 

Td pores are permeable to K+, Na+ and H+ 

[34]. The ionic conductivity caused by Td may 
interfere with the balance of ions and protons 
between cytoplasm and endosome lumen [24, 
25]. As a result, enzymes that require highly 
acidic environment are prevented from the 
activation, endosome maturation slows down 
[25] and degradative endocytic pathway in 
cells becomes disrupted. The greater amount 
of proHB-EGF receptor is located on the 
surface of cancer cells, the more endosome 
pathway of cells is affected. Disorder in 
general physiological cellular condition due 
to the influence of Td may ultimately result in 
proliferation slowdown. 

Thus, our results support the idea that 
CRM197 and other DT toxoids can realize 
their tumor suppressive effects by two 
interdependent mechanisms: 1. sHB-EGF-
dependent, when cells affected indirectly 
by depletion of proliferative soluble signal 
in intercellular space; and 2. proHB-EGF-
dependent, when cells affected directly by 
functional pore-forming Td of DT. 

Obtained results suggest that non-active 
subunit A of CRM197 is not required for 

Fig. 3. The average size, perimeter and circularity of MDA-MB-231 colonies formed under:
the influence of equimolar concentrations of CRM197, SbB and Rd. Asterisks indicate when the p-values of 

t-test for control and experimental groups are less than 0.05   
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cytostatic action of this toxoid and Rd alone 
is not so effective in suppression of cancer 
cell proliferation as DT fragments that 
contain the Td. Thus, we recommend the 
use of SbB produced by E. coli for cancer 
therapy, as the closest functional analog 
of CRM197 that contains no functionally 
superfluous structural parts with potential 
side effects. 
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Метою роботи було оцінити in vitro цито-
статичну дію рекомбінантних фрагментів не-
токсичного точкового мутанту дифтерійного 
токсину — CRM197, який було запропоновано 
як потенційний препарат для лікування трій-
часто-негативного раку грудної залози. Із цією 
метою з використанням методу металоафінної 
хроматографії на Ni-NTA агарозі виділили ре-
комбінантні похідні дифтерійного токсину — 
CRM197, SbB (субодиницю В) і рецепторний 
домен Rd та дослідили  їх вплив на ріст поо-
диноких колоній клітин трійчасто-негативно-
го раку грудної залози людини MDA-MB-231 
за такими показниками, як площа, периметр 
та індекс циркулярності. Одержані результа-
ти показали, що CRM197 і SbB, які містили у 
складі молекули транслокаційний домен Td,  
однаковою мірою  виявляли цитостатичний 
ефект стосовно клітин MDA-MB-231, зменшу-
ючи площу та периметр поодиноких колоній. 
Протеїн Rd не впливав на останні два параме-
три, які характеризують розмір колоній, однак 
змінював форму їхнього краю, про що свідчить 
підвищення індексу циркулярності. Ймовірно, 
що Td може брати  участь  у реалізації цитоста-
тичної дії через притаманну йому пороутво-
рювальну активність щодо ліпідних мембран. 
Зроблено висновок, що Rd і Td, на відміну від 
каталітичного домену дифтерійного токсину, 
відіграють важливу роль у реалізації цито-
токсичних властивостей CRM197, а SbB, яка 
складається з Rd і Td, є структурним фрагмен-
том дифтерійного токсину  з найменшою моле-
кулярною масою, і її можна використовувати 
як аналог CRM197. 

Ключові слова: CRM197, дифтерійний ток-
син, HB-EGF, токсоїд, тройчасто-негативний 
рак грудної залози. 
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Целью работы была оценка in vitro цито-
статического действия рекомбинантных фраг-
ментов нетоксичного точечного мутанта диф-
терийного токсина — CRM197, который был 
предложен как потенциальный препарат для 
лечения тройчато-негативного рака грудной 
железы. С этой целью с использованием ме-
тода металлоафинной хроматографии на Ni-
NTA агарозе   выделены рекомбинантные про-
изводные дифтерийного токсина — CRM197, 
субъединица В SbB,   рецепторный домен Rd 
и исследовано их влияние на рост одиночных 
колоний клеток тройчато-негативного рака 
молочной железы человека MDA-MB-231 по 
таким показателям, как площадь, периметр и 
индекс циркулярности. Полученные резуль-
таты показали, что CRM197 и SbB, которые 
содержали в составе молекулы транслокаци-
онный домен Td, в равной степени проявля-
ли цитостатический эффект по отношению к 
клеткам MDA-MB-231, уменьшая площадь и 
периметр отдельных колоний. Протеин Rd не 
влиял на два последних параметра, которые 
характеризуют размер колоний, однако изме-
нял форму их края, о чем свидетельствует по-
вышение индекса циркулярности. Вероятно, 
Td может принимать участие в реализации ци-
тостатического действия за счет присущей ему 
порообразующей активности по отношению к 
липидным мембранам. Сделан вывод, что Rd и 
Td, в отличие от каталитического домена диф-
терийного токсина, играют важную роль в ре-
ализации цитотоксических свойств CRM197, а 
SbB, состоящая из Rd и Td, является структур-
ным фрагментом дифтерийного токсина c наи-
меньшей молекулярной массой, и ее  можно ис-
пользовать в качестве аналога CRM197.

Ключевые слова: CRM197, дифтерийный ток-
син, HB-EGF, токсоид, тройчато-негативный 
рак грудной железы.
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The polyketide antibiotic batumin 
synthesized by the producer strain 
Pseudomonas batumici has a high selective 
activity against staphylococci [1,2], which 
determines the prospects for its medical 
application in the treatment of staphylococcal 
infections and the control of the nasal 
carriage of this pathogen [3]. Data obtained 
in recent years indicate that 95 to 99% of 
microorganisms in natural habitats exist in 
the form of biofilms. It is known that bacterial 
biofilms are involved in the pathogenesis 
of chronic infections such as osteomyelitis, 
rhinosinusitis, etc. [4, 5]. At the same time, 
it is known that bacteria structured in 
biofilm are more resistant to antibiotics [5], 
which is one of the problems of successful 
chemotherapy.

Our preliminary studies on the effect of 
batumin on biofilm formation in representatives 
of the genus Staphylococcus showed that 
the presence in the medium of 0.125 μg/ml 
of batumin (half of growth inhibiting 
concentration) significantly reduced the 
formation of biofilm in 85% of the studied 
nasal strains of staphylococci with an initially 
high level of biofilm formation [6]. The use of 
atomic force electron microscopy showed that the 
batumin reduced several times the staphylococci 
adhesion to the surface, thus inhibiting the early 
stages of biofilm formation [7].

On the other hand, the role of antimicrobial 
substances for cells of producer strains in 
nature is far from being exhausted by their 
antibiotic activity. Strains of P. batumici are 
isolated from the soil and are rhizosphere 
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The aim of the work was the research of antibiotic batumin action on the biofilm formed by 
staphylococci and on the process of the biofilm formation by strain-producer Pseudomonas batumici. 
The minimal inhibiting concentration (MIC) of batumin was studied according to The Clinical and 
Laboratory Standards Institute standards — CLSI. Biofilm formation was studied using photometric 
O’Toole method with flatbed photometer at wavelength 540 nm. The batumin penetrated into biofilms 
of staphylococci and reduced the biomass of the formed biofilm of Staphylococcus aureus and 
S. epidermidis at the antibiotic concentration of 0.5 μg/ml, which was only twice higher than MIC of 
batumin for planktonic cells. The degree of biofilm changes in the presence of batumin differed for 
different staphylococcus strains. However, these differences did not depend on strains sensitivity or 
their resistance to the antibiotic.

The ability of batumin strain-producer to form the biofilm and the ability of antibiotic to stimulate 
this process in concentrations of 1 and 10 μg/ml was established for the first time. In addition, it was 
found that in the Pseudomonas batumici B-321 planktonic culture in the presence of 10 μg/ml 
of batumin, the increase in length of producer cells on average by 15% was noted. 

The obtained data shed the light on batumin antimicrobic action on the staphylococci biofilm. It can 
be argued that is a perspective   for treatment of staphylococcal infections. It enabled to consider 
batumin as a promising drug for the staphylococcal infections treatment.
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bacteria that interact with plants and compete 
with different microflora. The formation of 
biofilm by such bacteria ensures the nutrients 
exchange with the plant, the synthesis of 
antimicrobial substances that protect against 
phytopathogens and many other effects [8].

In connection with the foregoing, the aim 
of this work was to study the effect of batumin 
on the biofilm formed by staphylococci, and to 
study the influence of batumin on the process 
of biofilm formation by the producer strain 
P. batumici.

Materials and Methods

The object of the study were 16 strains of 
Staphylococcus aureus and S. epidermidis, 
including 5 methicillin-resistant strains 
(MRSA) isolated at the Institute of  
Orthopedics and Traumatology of the Academy 
of Medical Sciences of Ukraine from patients 
with osteomyelitis. The strains of MRSA are 
identified by the method suggested by Boutiba-
Ben Boubaker [9].

Another object was a typical antibiotic 
batumin producing strain Pseudomonas 
batumici UCM B-321 from the Ukrainian 
Collection of Microorganisms (Zabolotny 
Institute of Microbiology and Virology of the 
National Academy of Sciences of Ukraine).

Antibiotic batumin was obtained by 
fermentation of B. batumici strain UCM B-321 
and purified by preparative chromatography 
(90% purification degree) 10.

The sensitivity of clinical strains of 
staphylococci to a broad spectrum of antibiotics 
was determined using the Kirby-Bauer 
method, CLSI criteria were used to interpret 
antibiotic sensitivity. Discs impregnated 
with the appropriate antibiotics were used: 
amoxiclav, erythromycin, clindamycin, 
rifampicin, ciprofloxacin, doxycycline, 
vancomycin, teicoplanin, amikacin, linezolid, 
lincomycin (Himedia, India). The minimal 
inhibiting concentration of the batumin was 
studied in accordance with CLSI standards on 
Müller-Hinton agar and Müller-Hinton broth 
[11].

The biofilm formation study was carried 
out according to the O’Toole method 
12. In studying the activity of batumin 
against biofilms formed by S. aureus and 
S. epidermidis cultures, biofilms were grown 
on the bottom of plastic 96-well plates (Thermo 
Scientific, USA). 0,2 ml of staphylococci 
broth culture was introduced into the 
wells. The initial concentration of cells was 
5·107 cells/ml, cultivation was carried out for 

24 hours at t = 37 C, further the batumin was 
added in concentrations of  0.1; 0.5 and 5.0 
μg/ml, followed by incubation for 24 hours. 
After that, the liquid contents of the wells 
were removed, washed three times with 
phosphate buffer (pH 7.2), dried and stained. 
The percentage of biofilm inhibition (BI) was 
calculated as follows [5]:

BI (%) = 100 –  ODbatumin/ODcontrol,

where ODbatumin is optical density in the holes 
with the batumin,ODcontrol is optical density in 
wells without batu min (control).

To study the biofilm formation by P. ba-
tu mici strain UCM B-321, it was grown at 
t = 28 C for 48 h in 96-well plates on Luria-
Bertani medium (Becton, USA). 0.25 ml of 
the cell culture suspension (5·107 cells/ml) 
was introduced into the wells in a nutrient 
medium, as well as various (1 and 10 μg/ml) 
concentrations of batumin.

A 0.1% solution of gentian violet 
ColorGram 2-F (bioMerieux, France) was 
used as the biofilm dye, and 0.1 ml was added 
to each culture well. After thirty minutes 
of contact at room temperature, the dye was 
washed three times with distilled water and the 
ink was dissolved with 96% ethyl alcohol. The 
results were recorded using a Multiskan FC 
(Thermo Scientific, USA) flatbed photometer 
at a wavelength of 540 nm.

Results and Discussion

Table 1 shows the results of studying the 
sensitivity of clinical staphylococcus strains to 
widely used in medical practice antibiotics.    

The obtained data suggest the high 
resistance of MRSA strains to the studied 
antibiotics (the growth retardation zones were 
only 6 mm), which agrees with the literature 
data [13, 14]. At the same time, all investigated 
staphylococci strains, including MRSA, 
regardless of the source of their isolation 
and sensitivity to different antibiotics, were 
sensitive to the batumin.

The next stage of our work was to study 
the ability of clinical isolates of S. aureus and 
S. epidermidis to form biofilms (Fig. 1).

All studied strains of staphylococci formed 
a biofilm with different biomass values from 
0.20 to 0.68 units of optical density. Strains 
that did not synthesize biofilm were not 
detected.

Further, we determined the MIC of the 
batumin with its action on staphylococcus 
cells, both in planktonic culture and in the 
composition of biofilms (Table 2).
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Table 1. Sensitivity of clinical Staphylococcus strains to antibiotics

Strains

Zones of growth retardation, mm
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S. aureus 75(MRSA) 6 6 6 18 6 22 19 17 16 6 6 25

S. aureus 76 (MRSA) 6 6 6 6 6 20 18 20 21 6 26 30

S. aureus 77 (MRSA) 6 6 22 6 6 6 17 20 17 6 20 32

S. aureus 1463(MRSA) 6 6 6 25 20 20 16 19 16 24 28 28

S. aureus 1813(MRSA) 6 6 6 6 6 24 18 22 22 25 6 35

S. aureus 80 22 6 20 31 24 28 18 24 22 25 24 26

S. aureus 175 6 18 22 35 26 6 15 18 Ч 19 30 32

S. aureus 1306 25 10 25 25 28 6 20 18 26 26 26 30

S. aureus 1310 30 16 18 24 22 6 19 22 25 28 22 28

S. aureus 1316 30 30 22 24 6 20 18 22 18 25 22 32

S. aureus 1358 20 26 18 30 6 22 17 22 19 25 20 32

S. aureus 1440 20 6 20 6 30 15 17 18 24 21 28 35

S. aureus 1749 25 28 24 28 30 26 20 20 22 22 25 35

S. epidermidis 151 6 20 28 6 24 17 22 20 22 24 20 30

S. epidermidis 618 6 32 22 22 19 19 20 24 20 20 22 32

S. epidermidis 1803 6 6 26 22 20 17 24 26 25 6 18 28

Fig. 1. Biofilm formation in vitro in strains S. aureus and S. epidermidis
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For planktonic staphylococcus cells, the 
MIC of the batumin was 0.25 μg/ml, the MIC 
for the biofilms of each studied strain was 
0.5 μg/ml, except for the strain of S. aureus 
1306 (MIC = 0.1 μg/ml).

In the course of the work, it has been found 
that in the presence of batumin the significant 
changes occurred in the biomass of the 
microbial community of staphylococci in the 
formed biofilm (Table 3).

From the results obtained, it can be seen 
that the decrease in the biomass of the formed 
biofilm depended on the concentration 
of the antibiotic, and the intensity of the 
effect was different in the studied strains. 
Thus, the batumin concentration of 0.5 μg/
ml, which was only twice as high as MIC, 
caused a decrease in biomass of biofilm from 
34.7 to 77.0%. A further increase in the 
concentration of antibiotic to 5 μg/ml only 
slightly changed the mass of the biofilm.

According to the literature, the addition 
of antibiotics such as ampicillin, cefatoxime, 
levofloxacin, rifampicin in concentrations 

50 times higher than MICs causes a decrease 
in the mass of the formed biofilm up to 
30% maximum 15. Highly active against 
staphylococci antibiotic mupirocin isolated 
from bacteria of the genus Pseudomonas, 
reduced biomass of the formed biofilm by 
90% in all investigated isolates of S. aureus 
at concentrations 250 times higher than 
MIC [5].

According to Moreno M.G. et al. 16 
the MICs of phosphomycin, rifampicin and 
levofloxacin when they act on plankton cells 
were 1–16 μg/ml, and on biofilms — more 
than 1024 μg/ml. The exception was the 
antibiotic gentamicin, the MIC of which, 
when it acts on plankton cells was 4–8 μg/ml, 
on biofilms — 8–16 μg/ml. Allison et al. 17 
found that gentamicin kills persistent cells of 
Escherichia coli and Staphylococcus aureus. 
Persistent cells are a subpopulation in biofilm 
and are tolerant to antibiotics, thus remain 
viable when exposed to pharmaceuticals. 
The author suggests that rifampicin and 
benzylpenicillin kill most of the cells in the 

Table 2. The minimal inhibitory concentration of batumin for plankton cells and Staphylococcus biofilms

Strains
Batumin concentration, μg/ml

Plankton cells Biofilm

S. aureus 75 (MRSA) 0.25 0.5

S. aureus 76 (MRSA) 0.25 0.5

S. aureus 77 (MRSA) 0.25 0.5

S. aureus 1463 (MRSA) 0.25 0.5

S. aureus 1813(MRSA) 0.25 0.5

S. aureus 80 0.25 0.5

S. aureus    175 0.25 0.5

S. aureus    375 0.25 0.5

S. aureus 1306   0.25 0.1

S. aureus 1310   0.25 0.5

S. aureus  1316 0.25 0.5

S. aureus 1358 0.25 0.5

S. aureus 1440 0.25 0.5

S. aureus 1749 0.25 0.5

S. epidermidis 151 0.25 0.1

S. epidermidis 618 0.25 0.5

S. epidermidis 1803 0.25 0.5
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biofilm, except persisters, and gentamycin, 
selectively acting, leads to their complete 
eradication. Earlier, we showed that the 
batumin also has a high activity against 
SSCVs persisters (S. aureus small colony 
variants) [18]. Thus, by the mechanism of 
action on staphylococcus biofilms the batumin 
is probably similar to gentamicin. 

The obtained results indicate that 
the batumin penetrates into the formed 
biofilms of clinical strains of S. aureus and 
S. epidermidis, and after 24 hours of action 
causes a decrease in the biofilm formation 
process. It should also be noted that the 
antibiotic significantly reduces the biomass 
of the biofilm formed in strains with an 
initially high level of biofilm formation 
(Table 3). We obtained similar results when 
studying the action of antibiotic batumin on 
biofilm developing. The efficacy of batumin 
at a concentration of  0.125 μg/ml (half of 
its MIC) was higher for strains with a high 
biofilm weight [6].

It is known that matrix components play 
an important role in the process of antibiotics 

penetration into biofilms. The lipids of the 
biofilm matrix and bacterial membranes are 
identical in qualitative composition [19]. 
When studying the mechanism of batumin 
action on staphylococci, we found that in 
this pathogen under the action of antibiotic 
the significant changes in the fatty acid 
profile, which leads to an increase in fluidity 
of membrane lipids and permeability of 
the membrane in S. aureus take place [20]. 
Based on the similarity of the composition 
of the biofilm matrix lipids on one side, 
and the membrane of the bacterial cell on 
the other side, it can be assumed that the 
batumin penetrates well into the biofilm 
of staphylococci and causes significant 
changes in the biofilm formed, which we 
observed.

Attention is drawn to the fact that 
the intensity of changes in biofilms in the 
presence of batumin differs in different 
strains of staphylococci, however, these 
differences do not depend on the sensitivity or 
resistance of strains to the studied antibiotics 
(Tables 1 and 3).

Table 3. Batumin effect on formed biofilms biomass of staphylococci

Strains
Batumin concentration, μg/ml

0.1 0.5 5.0

Decrease in relation to control,% 

S. aureus 75 (MRSA) 47.7 57.2 57.4

S. aureus 76 (MRSA) 31.1 34.7 34.1

S. aureus 77 (MRSA) 57.9 63.2 60.3

S. aureus 1463 (MRSA) 67.7 69.3 68. 2

S. aureus 1813 (MRSA) 75.2 77.0 77.0

S. aureus 80 36.0 40.1 40.0

S. aureus 175 39.3 50.0 49.3

S. aureus 375 38.1 52.4 51.0

S. aureus 1306   56.8 56.8 54.0

S. aureus 1310   64.0 74.3 74.2

S. aureus 1316 25.8 37.2 34.3

S. aureus 1358  65.0 67.5 68.5

S. aureus1440 57.2 65.8 62.9

S. aureus1749 35.0 60.0 60.1

S. epidermidis 151 48.4 51.5 54.8

S. epidermidis 618 40.2 44.1 44.0

S. epidermidis 1803 50.0 60.3 60.0
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Apparently, the changes we have detected 
in the biofilms of staphylococci under the 
influence of batumin make them unstable, 
incapable of persistence and dissemination in 
the human body.

Another stage of our work was the study 
of the batumin influence on the processes 
of biofilm formation by the strain-producer 
P. batumici (Fig. 2).

Batumin in concentrations of 1 and 10 μg/ml 
increased biofilm formation by a culture from 
0.442 ± 0.126 units of optical density in the 
control without antibiotic up to 1.539 ± 
0.246 and 1.728 ± 0.402, respectively. It was 
also found that in the planktonic culture of 
P. batumici B-321 in the presence of 10 μg/ml 
of batumin, an increase in cell length of 
the producer by an average of 15% was 
noted. In control (without batumin), the cell 
length was 2.34 ± 0.22  0.65 ± 0.02 μm; at 
a concentration of 10 μg/ml of batumen it 
was 2.69 ± 0.23  0.75 ± 0.09 μm. Such an 
increase in cell length in pseudomonads may 
be associated with a decrease in the frequency 
of cell division [21].

In the literature, information is provided 
on the role of antibiotics, in particular 
phenazines synthesized by Pseudomonas 
species, in the biofilms formation by 
pseudomonads. In this case, phenazine 
antibiotics are able to change the expression 

of genes associated with cell adhesion and the 
subsequent formation of biofilms 22, 23. It is 
possible that the batumin also plays a certain 
regulatory and functional role in the processes 
of biofilm formation by P. batumici strain.

Thus, the results of the studies of the 
batumin influence on biofilm formation 
processes by P. batumici strain suggest that 
along with high antimicrobial activity, the 
positive influence of batumin on the biofilm 
formation enhances the competitiveness of the 
producer in relation to other inhabitants of 
the rhizosphere and attest to the importance 
of this compound for life-support processes in 
P. batumici.

Studies of the batumin effect on the 
formed biofilm of staphylococci showed 
a significant decrease in its biomass in 
S. aureus and S. epidermidis at antibiotic 
concentrations of 0.5 μg/ml, which is only 
twice as high as the MIC of batumin when it 
acts on plankton cells. The obtained data for 
the batumin effect on the formed biofilm of 
staphylococci shed light on the mechanisms 
of batumin antimicrobial action, based 
both on the prevention of the formation of 
S. aureus and S. epidermidis biofilm, and on 
the functioning of the biofilm already formed, 
which makes it possible to consider it as a 
promising tool in the treatment of infections 
caused by staphylococci.
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БІОПЛІВКИ У Staphylococcus aureus 
І Pseudomonas batumici
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Метою роботи було дослідити дію антибіо-
тика батуміну на сформовану стафілококами 
біоплівку, а також  на процес біоплівкоутво-
рення штамом-продуцентом Pseudomonas 
batumici. Мінімальну інгібувальну концен-
трацію (МІК) батуміну встановлено згідно зі 
стандартами CLSI Інституту клінічних та ла-
бораторних стандартів. Формування біоплівки 
вивчали фотометричним методом O’Toolе за 
допомогою планшетного фотометра за довжи-
ни хвилі 540 нм. З’ясовано, що батумін прони-
кав у біоплівки стафілококів і знижував біо-
масу сформованої біоплівки у Staphylococcus 
aureus і S. epidermidis за концентрації антибі-
отика 0,5 мкг/мл, яка лише у два рази пере-
вищує МІК батуміну за дії на планктонні клі-
тини. Зміни біоплівки у присутності батуміну 
різняться у різних штамів стафілококів, однак 
ці відмінності не залежать від чутливості або 
резистентності штамів до антибіотика. 

Уперше встановлено здатність штаму-про-
дуцента батуміну до утворення біоплівки і 
стимуляції цього процесу самим антибіотиком 
у концентраціях 1 і 10 мкг/мл. Також відзна-
чено, що у планктонній культурі P. batumici 
В-321 за присутності 10 мкг/мл батуміну дов-
жина клітин продуцента збільшувалась у се-
редньому на 15%. 

Отримані дані відкривають нові аспекти 
антимікробної дії батуміну на біоплівку стафі-
лококів, що полягають як у запобіганні фор-
муванню, так і в інгібуванні вже сформованої 
біоплівки. Це дає підстави розглядати батумін 
як перспективний засіб лікування стафілоко-
кових інфекцій.

Ключові слова: батумін, staphylococci, біоплів ка.
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Целью работы было исследование действия 
антибиотика батумина на сформированную 
стафилококками биопленку, а также на 
процесс биопленкообразования штаммом-про-
дуцентом Pseudomonas batumici. Минимальная 
ингибирующая концентрация (МИК) батуми-
на определена в соответствии со стандартами 
CLSI Института клинических и лабораторных 
стандартов. Формирование биопленки изуча-
ли фотометрическим методом O’Toolе с помо-
щью планшетного фотометра при длине волны 
540 нм. Установлено, что батумин проникал в 
биопленки стафилококков и снижал биомассу 
сформированной биопленки у Staphylococcus 
aureus и S. epidermidis при концентрации анти-
биотика 0,5 мкг/мл, которая лишь в два раза 
превышала МИК батумина при действии на 
планктонные клетки. Изменения биопленки в 
присутствии батумина различаются у разных 
штаммов стафилококков, однако эти различия 
не зависят от чувствительности или резистент-
ности штаммов к антибиотику. 

Впервые установлена способность штамма-
продуцента батумина к образованию биопленки 
и стимуляции этого процесса самим антибио-
тиком в концентрациях 1 и 10 мкг/мл. Также 
было отмечено, что в планктонной культуре 
P. batumici В-321 в присутствии 10 мкг/мл ба-
тумина длина клеток продуцента увеличилась 
в среднем на 15%.

Полученные данные открывают новые 
аспекты антимикробного действия батумина 
на биопленку стафилококков, которые состоят 
как в предотвращении формирования биоплен-
ки, так и в ингибировании уже сформировав-
шейся биопленки. Это дает основания рассма-
тривать батумин как перспективное средство 
лечения стафилококковых инфекций.

Ключевые слова: батумин, staphylococci, био-
плен ка.


