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Abstract—In Russia and around the world, there are important questions regarding the potential threats to
national and biological safety created by genetic technologies and the need to improve or introduce new, jus-
tified, and adequate measures for their control, regulation, and prevention. The article shows that a signifi-
cant volume of the global market is occupied by five major transgenic crops, and producers are ready to switch
to crops with an edited genome that has been approved in the United States, Argentina, and other countries.
We propose a qualitatively new approach to the risk assessment of edited plants, “Safe Design,” and we have
also developed an extremely important, fundamentally new approach to the development of methods that
combine next-generation sequencing (NGS) and Bioinformatics for the assessment of the crop import bio-
safety. The proposed mathematical approach provides a detailed analysis of the possible insertions of DNA
fragments into the genome of edited crops and a clarification of their biological significance. The developed
method can be used in the rapid screening of plants for the presence of potentially dangerous genes, viral
sequences, and nonspecific promoter sequences.
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INTRODUCTION
The long-term strategy of Russia in genetic tech-

nologies requires fundamental research for analysis of
the potential risks of new products in terms national
and biological safety, as well as the need to improve or
introduce new, justified, and adequate measures to
control and regulate the identified risks. Obviously,
the scale of biogenic threats accompanying new tech-
nologies does not have interstate borders [1]. Modern
genomic and postgenomic technologies introduce
previously nonexistent biotechnological products—
new bioagents, including those of anthropogenic ori-
gin—into the biotechnological “landscape.” Eco-
nomic estimates of the “benefits–risks” ratio for the
use of postgenomic biotechnologies show the legiti-
macy of their intensive implementation, since it prom-
ises a dramatic increase in the efficiency of the agro-
industrial complex, which became necessary in the
context of the economic crisis caused by the pan-
demic. However, as the volume and range of biotech-
nological (genetically engineered) products for various
purposes increases, public concerns, both abroad and
in Russia [2], are focused on problems that have not
yet been resolved by science, such as

–the infeasibility of absolute biosafety of innova-
tive technologies;

– threats of an unintentional or unauthorized
release of biotechnological products into the environ-
ment (transgenic plants and animals, recombinant
microorganisms);

– horizontal or vertical transfer of the transgene
from biotechnological crops to unmodified analogs;

– uncontrolled leakage of genetic constructs into
the environment during genetic engineering experi-
ments or the production of recombinant products and
other biothreats [3].

The use of nature-like genetic technologies for
accelerated plant breeding, e.g., CRISPR/Cas tech-
nology, allows the introduction of mutations into the
primary DNA sequence of the plant genome with pre-
viously unattainable accuracy and efficiency and
opens up broad prospects for epigenetic changes. At
the same time, this technological innovation raises
questions about the inapplicability of specific current
biosafety regulations for plants with an edited genome.

The concept of biological safety in the Russian leg-
islative field is defined by several high-level docu-
ments. For example, the Decree of the President of
the Russian Federation N 683 (2015 No. https://rg.ru/
2015/12/31/nac-bezopasnost-site-dok.html) consid-
ers biosafety to be part of the national security norm
(Article 3). The definition of biosafety is given in the
271



272 KOROTKOV et al.
Russian GOST (GOST R 22.0.04-95 http://www.
consultant.ru/cons/cgi/online.cgi?req=doc&base=
EXP&n=267373#042176372250623007): “Biological
safety is the state of protection of people, farm animals
and plants, and the natural environment from the dan-
gers caused by the source of the biological and social
emergency.” More narrowly, in terms of genetically
modified organisms (GMOs), GMO biosafety implies
the absence of actual or predicted undesirable GMO
effects (in comparison with the original unmodified
organism) on the environment and on human and ani-
mal health.

The Russian legal environment ensuring the bio-
safety of the use of genetically modified plants is frag-
mented and very contradictory. Thus, Federal Law
No. 358-FZ (2016) prohibits the cultivation and
breeding of plants and animals with genetic code mod-
ified with genetic engineering methods or containing
genetically engineered material that cannot be intro-
duced as a result of natural processes. According to the
article 7 of the Federal Law-149 “Seed production”
(1997 http://www.consultant.ru/document/cons_doc_
LAW_17121/), it is prohibited to import the seeds of
such plants into the territory of the Russian Federation
or to use them for sowing (planting). However, this
prohibition on production in Russia does not apply to
the import of genetically engineered food crops for use
as food for the population and animal feed. The regis-
tration process successfully functions for food use for
the population, and the registration of the same genet-
ically modified crops as animal feed should be regu-
lated by the Rules approved by the Government
Decree No. 839, which are outdated and have not
been enforced since 2013. At the moment, the import
of GMOs of plant origin for use as feed is still regulated
by separate decisions (PP No. 520, 2020 http://www.
garant.ru/hotlaw/federal/1362141/#ixzz6PHkFMbJE),
which is justified by the real need of the agro-indus-
trial complex, e.g., GM soybean as a source of protein.

METHODOLOGICAL BACKGROUND
AND PROBLEMS OF LEGAL REGULATION 

OF THE TURNOVER 
OF TRANSGENIC/GENE-EDITED 

AGRICULTURAL PLANTS
Consideration of the methodological background

used to identify specific DNA sequences in plant tis-
sues, plant raw materials, and products of their pro-
cessing shows that it is based on the different variants
of polymerase chain reaction: real-time PCR [4],
matrix PCR (Order of the Ministry of Agriculture of
Russia, 2017), and on a biological microchip  [5].

Data from the International Service for the Acqui-
sition of Agrobiotechnology Applications (ISAAA
www.isaaa.org/kc/cropbiotechupdate/article/default.
asp?ID=18166) demonstrates that five major GM
(transgenic) crops occupied 99% of the world areas of
GM agricultural crops in 2018: 38 GM soybean lines,
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95.9 million ha; 137 GM maize lines, 58.9 million ha;
63 GM cotton lines, 24.9 million ha; 37 GM rapeseed
lines, 10.1 million ha; and 5 GM alfalfa lines, 1.3 mil-
lion ha. Since only 25 lines of plants of GMO origin
were registered in Russia in 1999–2018, most GM
lines remain outside the scope of registration, and,
therefore, there are no systems for their identification.
This leads to the following high risks: (a) loss of con-
trol over the unauthorized appearance of unidentified
GMOs on the Russian market due to the backlog/lack
of reference materials and technologies for the detec-
tion and identification of GMOs; (b) the penetration
of the food and feed markets by unregistered imported
GM products.

Analysis of the achievements in the production of
gene-edited plants indicate that it is the risk from
transboundary movement, not in classical transgenic
plants but the production of new technologies, is
increasing, e.g., gene-edited SDN-1 and SDN-2
crops that do not contain transgenes [6].

Thus, in June 2020, the Animal and Plant Health
Inspectorate (APHIS) of the United States Depart-
ment of Agriculture (USDA) approved an unregulated
status for the HOLL soybean of the Calix company
(Calyxt, United States, https://calyxt.com/calyxts-
high-oleic-low-linolenic-soybean-deemed-non-reg-
ulated-by-usda/). It has a high oil content, the com-
position of which is characterized by a low content of
linolenic acid. The HOLL soybean is the only com-
mercialized product of the second generation. It has
properties that are important for the consumer: higher
stability and improved oil composition for the preven-
tion of cardiovascular diseases. The HOLL soybean
was obtained by the company Calyx with the
TALENs® technology [7]. It contains only genetic
material from the original organism (soybeans) with
deletions in five target genes. This means that gene-
edited soybean may appear on the U.S. market in two
years, and then it will appear on the global market.
The HOLL soybean produced by Calyx is one of the
eight products that the company currently has under
development, and it is expected that all of the products
will receive USDA unregulated status (i.7, part 340.
https://www.law.cornell.edu/cfr/text/7/part-340).

Genome-editing products, in many ways, respond
to “big challenges” and in the future will provide many
practical applications in a wide variety of areas,
including traditional and nontraditional agricultural
production, and will create fundamentally new prod-
ucts that do not have traditional analogs.

In Russia, the issue of excluding gene-edited, non-
transgenic plants from the legislative environment
related to GMOs is at the stage of scientific discussion
and is being considered in the light of scientific and
technical policy, economics, and societal interaction.
An active discussion aimed at clarification of the sim-
ilarities and differences between old and new risks
inherent in already familiar and new biotechnological
STRY AND MICROBIOLOGY  Vol. 57  No. 2  2021
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Table 1. Ranking of regulatory restrictions on genomic editing in agriculture in selected countries

Country Rating, score Rating status

Brazil 10 Defined: no unique rules
Argentina 10 Defined: no unique rules
USA 10 Defined: no unique rules
Israel 8 Weakly regulated
Chili 5 Regulations under development
Paraguay 10 Defined: no unique rules
Japan 8 Weakly regulated
Canada 8 Weakly regulated
Australia 8 Weakly regulated
India 5 Regulations under development
Russia 5 Regulations under development
China 5 Regulations under development
UK 2 Mainly prohibited
EU 2 Mainly prohibited
Ukraine 1 Limited research, no defined rules
products and methods of their commercialization
(release) has also begun abroad. The main argument
for the “liberation” of the regulation of nontransgenic,
gene-edited crops from GMO regulation is the fact
that they are indistinguishable from plants created by
traditional methods [8, 9]. It can be assumed that any
risks associated with genome-editing products will be
similar, equal, or lower than the risks associated with
crops obtained by known breeding methods or already
commercialized products [10, 11]. Table 1 shows the
rating of countries based on the introduction of regu-
latory restrictions on the use of genome-editing prod-
ucts in agriculture in light of the current regulation in
these countries [12]. It can be seen that the leading
countries in the production of transgenic crops (Bra-
zil, Argentina, United States) are also the world lead-
ers in the genome editing of plants, especially in
Argentina [13].

Table 2 shows some crops obtained with genome-
editing technology that are undergoing testing proce-
dures at some stage of registration.

Thus, it is clear that a wide range of edited crops
will enter the global market in the coming years. In
order to determine the prospects and potential of
genome-editing and to enact a successful policy of
responsible innovation, it is necessary to revise the
methods for the identification, detection, and moni-
toring of new biotechnological products, in particular,
a transition to the use of high-throughput sequencing
and bioinformatics methods. The potential biohazards
associated with the latest technologies must be coun-
tered by a qualitatively new approach, “Safe Design.”
This term refers to a process that can be defined as the
implementation of a procedure for the identification
and assessment of risks in the early stages of the design
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
process, which will eliminate or minimize risks
throughout the life of the created organism. The pro-
posed approach includes the introduction of technical
expertise during the earliest stage of in the plan-
ning/design/development of the created crop. In this
regard, the practice of Argentina, which offers devel-
opers consultations in the “Regulator’s Office” during
the planning stage, is interesting [13]. Preventive risk
assessment of newly edited crops, which is based on
the accumulated scientific evidence, including long-
term monitoring and field testing, is comparable to
safety assessment in the aviation or nuclear industry
and lays the groundwork for a “safety culture” in plant
biotechnology.

It is possible to formulate a number of tasks that
must be addressed in connection with the implemen-
tation of this proposal.

(1) The development of methods for the detection of
genetically engineered manipulations in the genome of
nontransgenic, biotechnological plant crops that could
confirm the absence of nontarget mutations and the
lack of expression of a new protein(s) possessing allergic
and/or toxic properties due to a reading-frame shift.

(2) A demonstration of whether new biotechnolog-
ical plants can pose any types of risks, in particular,
different types of risks in comparison with already
studied transgenic plants.

(3) The determination of potentially new areas of
use for which new risks are understood or not well
understood.

(4) The development of a model for the early risk
assessment of gene-edited plants with the Safe Design
principle. Increased security can be achieved with the
inclusion of security parameters/functions in the
l. 57  No. 2  2021
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Table 2. Gene-edited crops

Crop Development company, 
method Status

Virus-resistant tomato
https://www.nexgenplants.com/

Nexgen Plants (Australia) Approved by USDA for 
field trials in 2017

Micro-tomato
https://thecounter.org/international-space-station-gene-edited-tomato/

University of California,
Riverside, United States
CRISPR

For use on the Interna-
tional Space Station and
in enclosed spaces and 
other confined spaces

Grapevine leafroll disease-resistant grapeshttps://geneticliteracy-
project.org/2018/09/21/are-we-ready-for-genetically-modified-
wine/

Rutgers University, USA, 
CRISPR

Nonbrowning apples:
varieties Arctic Golden, Granny Smith and Fuji
https://www.arcticapples.com/how-did-we-make-nonbrowning-
apple/

Okanagan Specialty 
Fruits, RNA interference.

Approved by USDA

Salt-tolerant rice
https://www.forbes.com/sites/ariellasimke/2020/02/21/you-
may-find-salt-tolerant-rice-growing-in-the-ocean-by-2021/?subId1= 
xid:fr1582662210931gjd#1c4569ce4133

Agrisea, editing Floating ocean farms

High-fiber wheat
https://calyxt.com/calyxt-harvests-high-fiber-wheat-field-trials/

Calyxt,
editing

Approved by USDA
for field trials in 2018

Camelina (Brassicaceae family) with improved oil composition 
(omega-3)
https://www.nature.com/articles/nbt0118-6b.epdf?shared_access_ 
token=SS4V7V5nwo6_VHeVnriWkNRgN0jAjWel9jnR3ZoTv0M
wSccf XlkuLBszumLMvCj9t-ForwjJaKkVVBMsLKWESjOw0sSf 
21kBJtFPCTmLUrUKqgSmVJpXParouCNHw0Ww98VQyz5Rr-
Fyg2BDc5u16A%3D%3D

Yield10 Bioscience 
CRISPR

Approved by USDA
in 2017

Drought-tolerant and salt-tolerant soybean 
https://www.nature.com/articles/nbt0118-6b.epdf?shared_access_to-
ken=SS4V7V5nwo6_VHeVnriWkNRgN0jAjWel9jnR3ZoTv0Mw
Sccf XlkuLBszumLMvCj9t-ForwjJaKkVVBMsLKWESjOw0sSf2 
1kBJtFPCTmLUrUKqgSmVJpXParouCNHw0Ww98VQyz5Rr-
Fyg2BDc5u16A%3D%3D

University of Minnesota, 
United States, CRISPR

Approved by USDA
in 2017

High-yielding tomato with increased fruit and reduced branching 
and amount of leaves
https://qz.com/989925/scientists-are-perfecting-salad-by-edit-
ing-mutated-tomato-genes/

Cold Spring Harbor Lab-
oratory, editing

Developed in 2017

Improved quality alfalfa
https://swseedco.com/press-release/calyxt-and-sws-gene-edited-
alfalfa-plant-designated-as-non-regulated-by-usda/

Calyxt, TALEN Nonregulated status
by USDA in 2017

Wheat with improved resistance to powdery mildew
https://www.nature.com/news/gene-editing-surges-as-us-ret-
hinks-regulations-1.19724

Calyxt, TALEN

Nonbrowning potato
https://geneticliteracyproject.org/2016/10/27/calyxts-bruise-
resistant-non-browning-gmo-potato-cleared-sale/

Calyxt, TALEN Approved by
USDA in 2016
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 57  No. 2  2021
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developmental standard for the security-certification
protocol.

IDENTIFICATION OF VARIOUS ARTIFICIAL 
INSERTIONS OF DNA FRAGMENTS 

IN THE GENOME 
OF AGRICULTURAL PRODUCTS

The section will review the possibilities of bioinfor-
matics for the identification of artificial rearrange-
ments in the genome. Over the past 30 years, bioinfor-
matics has developed a variety of computational meth-
ods to study the base sequences in DNA and RNA.
The first task was a pairwise comparison of two
sequences of bases of DNA and RNA or two amino-
acid sequences. Today, the most complete solution is
obtained via dynamic programming [14]. In this case,
there are two sequences, and it is necessary to draw a
conclusion about their similarity in the case of the
substitution of nucleotides or amino acids, as well as
their insertions or deletions in previously unknown
places and of unknown length. Methods for global and
local comparisons of sequences have been developed
[15, 16]. With global alignment, two sequences are
compared from beginning to end. Local alignment
searches for fragments of two sequences with the best
match. Heuristic programs of the Blast family and the
Fasta program have also been developed [15, 17–19].
Although- these programs use heuristic algorithms,
they can quite accurately find pairwise similarities
between amino acid sequences.

This task was subsequently expanded for the com-
parison of various genomes. The so-called genomic
browsers were created; they make it possible to com-
pare not only relatively short sequences but complete
genomes. The most popular of them include the Uni-
versity of California Santa Cruz (UCSC) Genome
Browser and the Ensembl Genome Browser [20, 21].
Specialized programs for the comparison of sequences
of complete genomes have also been developed [22, 23].
These tools allow the comparison of any plant or ani-
mal genome of the considered product with a genome
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
that has already been sequenced. In addition, multiple
comparisons of different genomes or specific regions
can be made. Such a comparison of genomes allows
the relatively simple detection of insertions or dele-
tions of DNA fragments that are present in one
genome but not in another genome. This also allows
for the clear identification of point mutations (SNPs).

Simultaneously with the development of methods
for the comparison of DNA sequences, databanks
containing most of what has been sequenced in the
world have been intensively developed. There are two
main data banks: the EMBL databank [24] created by
the European Molecular Biology Laboratory (formed
by 20 member countries and the partner country Aus-
tralia) and Genbank [25]. These databanks contain
not only the sequences of various DNA fragments but
also the sequences of various complete genomes.
These genomes include the genomes of many bacteria,
viruses, plants, and animals. Databanks describing in
detail the genomes of individual organisms, e.g., Sola-
naceae species, and combining crops important for
agriculture, such as tomato Solanum lycopersicum,
potatoes S. tuberosum, pepper Capsicum annuum
(https://www.solgenomics.net/), were created. Such
databanks also include related wild species of these
crops, which serve as donors of various agronomically
valuable traits (e.g., resistance to abiotic and biotic
stresses) during the selection of varieties.

The availability of such information makes it possi-
ble to find the reference genome for an agricultural
plant (AP). The reference genome is the genome of a
traditional AP that has already been previously
sequenced and entered into the database; therefore,
we can further consider two situations: the presence
and absence of a reference genome.

The reference genome is present. In this case, if the
DNA sequence of the AP genome is determined, it can
then be compared with the reference genome with bio-
informatic methods. As a result of this comparison, it
is possible to identify a variety of insertions or dele-
tions of DNA fragments that could be made in the AP
genome, as well as SNPs in the genome. Thus, if ref-
Corn with high starch content (waxy corn)
https://www.washingtonpost.com/news/wonk/wp/2017/06/13/ 
how-one-company-plans-to-change-your-mind-about-geneti-
cally-edited-food/

DuPont, CRISPR Nonregulated status
by USDA in 2016

Drought-resistant maize
https://onlinelibrary.wiley.com/doi/full/10.1111/pbi.12603

DuPont, CRISPR Developed in 2016

Champignon
https://www.scientificamerican.com/article/gene-edited-crispr-
mushroom-escapes-u-s-regulation/

Pennsylvania State Uni-
versity, United States, 
CRISPR

Nonregulated status
by USDA in 2016

Crop Development company, 
method Status

Table 2.  (Contd.)
l. 57  No. 2  2021
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erence genome and a sequenced AP genome are avail-
able, the problem of finding any undeclared insertions
or deletions can now be solved. In this case, it is possi-
ble to provide full control over the AP biosafety at the
genome level.

There is also the question of the types of insertions
or deletions in the AP genome that possess the highest
biological hazard. The most potentially dangerous
types include some insertion of promoter sequences,
the insertion of potentially dangerous genes, or the
insertion of any viral sequences or their parts. The
insertion of promoter sequences could change the
expression profile of any genes in the AP genome,
which can lead to changes in the processes of plant
development. Thus, the AP can acquire new biological
properties that were not present in a plant with a refer-
ence genome. If any genes are inserted, the potential
hazard depends on the functional significance of the
inserted gene. The most dangerous genes are those
encoding a variety of toxins. DNA fragments belong-
ing to various viruses of both humans and agricultural
animals or plants can also be classified as dangerous
insertions into the AP genome. Moreover, even plant
viruses cannot be recognized as completely safe for
humans and animals [26]. In this case, the use of such
an AP can have serious consequences for the popula-
tion or for the agriculture of the Russian Federation.

The reference genome is absent. The AP genome
does not always have a reference genome. In this case,
the algorithms for pairwise and multiple comparison
of genomes will not identify artificially made rear-
rangements of the genome of a new agricultural prod-
uct, since there is nothing to compare the AP genome
with. Therefore, in addition to comparative analysis
methods, it is necessary to develop mathematical
methods and algorithms for the annotation of poten-
tially dangerous genomic sequences. The annotation is
the determination of the functional role of various AP
sequences. In the AP genome, it is possible to search
for sequences based on their functional significance.
For such a search, it is necessary to create sets (a data-
base) of biologically hazardous DNA sequences that
should not be present in the AP genome. Such
sequences include at least

(1) various viral sequences of both humans and APs
or animals;

(2) gene sequences encoding bacterial toxins or
toxins of any other origin;

(3) all promoter sequences that can be found
around the genes listed in point 2.

The search for promoter sequences in AP genomes
is important for two reasons. First, the discovery of
promoter sequences indicates the location of possible
genes, which can help in their identification. Second,
promoter sequences in some cases make it possible to
distinguish genes from pseudogenes and indicate the
transcription start sites (TSSs). This means that the
identification of promoter sequences can help to iso-
APPLIED BIOCHEMI
late those genes that can be transcribed in the AP.
Such identification requires the sequence of the com-
plete genome of the AP. Sequencing of the entire
genome is a fairly financially expensive technology
today, but the cost of sequencing is decreasing, and
its widespread use will become possible in the com-
ing years.

The question arises as to how to find the sequences
listed in points 1–3 in the AP genome if the reference
genome is missing. A standard approach involving the
production of many DNA sequences (M) that perform
the same biological function can be used to search for
such sequences. This is the so-called training set. It is
desirable to include in the training set such similarities
that only occur in potentially biologically hazardous
sequences. Thus, it is necessary analyze all existing data-
bases of nucleotide sequences and create the M set for
each potentially dangerous sequence from points 1–3.

Then, for each set M, a conditional Markov model
(CMM) is created. It is used to search for DNA
sequences that perform the same biological functions
as sequences from the set M [27–29]. This CMM is
“scanned” throughout the AP genome, and the
sequences that are members of set M are identified.
This means that a lot of the potentially dangerous
sequences for set M were produced in the AP genome.
Many genes and protein families have been annotated
in this way. It is relatively easy to create set of different
pathogens and viral sequences with the existing
EMBL and Genbank databases. However, there are
difficulties in this approach that cannot be solved with
the existing mathematical methods.

The problem is that the use of CMM works fine as
long as the sequences have not accumulated a suffi-
cient number of insertions and substitutions of nucle-
otides or insertions or deletions of both single nucleo-
tides and extended sequences. If the number of muta-
tions per nucleotide between any pair of sequences in
set M is more than 2.4 [30], then a statistically signifi-
cant multiple sequence alignment cannot be con-
structed. This will make it impossible to search for
sequences in the AP genome that have the same func-
tional significance as sequences from set M, i.e., a
sequence with a given biological function, e.g., a poten-
tial toxin, will exist in the AP genome, but it will not be
possible to identify it with the existing approaches.

This leads to the need to develop new mathematical
methods to identify various DNA sequences in the
genomes of APs that do not have a reference genome.
This means that complete biological safety of APS cur-
rently without a reference genome cannot be achieved.

A new method for the multiple alignment of highly
divergent sequences (MAHDS) has been proposed for
the full identification of possible insertions or dele-
tions in the AP genome. On the site http://victoria.
biengi.ac.ru/mahds/auth, this method can be used to
construct multiple alignments for nucleotide
sequences. Highly divergent sequences are sequences
STRY AND MICROBIOLOGY  Vol. 57  No. 2  2021
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that have accumulated more than 2.5 random substi-
tutions (x) per nucleotide relative to each other.
MAHDS makes it possible to construct statistically
significant alignments for x in the range from 2.4 to 4.4
(http://victoria.biengi.ac.ru/mahds/auth) [31]. It was
shown [31] that previously developed algorithms can
construct statistically significant multiple alignments
up to x < 2.4.

MAHDS is currently used for the multiple align-
ment of promoter sequences from the Arabidopsis
thaliana genome and the human genome [32]. This
study showed that statistically significant multiple
alignments for promoter sequences cannot be calcu-
lated with existing methods, since x = 3.6 for them [31].
Multiple alignments for 4220 promoter sequences
from the rice genome were constructed with the
MAHDS method. A method was also developed for
the creation of promoter classes based on the per-
formed multiple alignment. In total, it was possible to
create five classes of promoter sequences with a class
size of more than 100 promoters. The obtained classes
of promoter sequences were used to search for other
promoter sequences in the rice genome. A profile
matrix with a size of (16.600) was created for each class
[33, 34]. The search for potential promoter sequences
was performed for each template with a global align-
ment. In total 145277 potential promoters were iden-
tified. Of these, 18563 were promoters of known
genes, which accounted for about 46% of the anno-
tated genes. An algorithm for the analysis of randomly
mixed nucleotide sequences of the complete rice
genome was applied to calculate the number of false
positives. The number of false positives in this case was
about 1 × 10–8 per nucleotide. If the inverted chromo-
some sequence from the rice genome was taken as a
control and the developed algorithm was applied, the
number of false positives was then 4 × 10–7. In any case,
this was significantly less than the values obtained with
all of the methods used to search for promoter
sequences in eukaryotic genomes.

The existing algorithms for the prediction of pro-
moter sequences cannot plot statistically significant
alignments for promoter sequences; therefore, other
mathematical approaches are used. These include such
algorithms as TSSW [35], PePPER [36], G4Prom-
Finder [37], and many others. The best algorithms pre-
dict a false positive at a level of 10–3–10–4 per nucleo-
tide, while the rice genome contains ~4.3 × 108 DNA
bases. As a result, it is impossible to isolate the real
promoter among tens of thousands of false predic-
tions. In fact, the search for promoter sequences with
computer methods is currently only possible with the
MAHDS method. However, MAHDS is only a com-
putational method, and complete confirmation that
the detected sequences are functional promoters is
possible either with experimental methods or the study
of the similarity of the revealed sequences with
sequences of different transcriptomes. In the latter
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case, it is possible to detect TSS and to search for the
similarity of DNA sequences located upstream of the
TSS with potential promoter sequences revealed by
the developed mathematical method.

At the same time, the correlation of the revealed
potential promoter sequences with various dispersed
repeats and transposons was studied. It was possible to
show that ~87000 promoter sequences correlate with
the various dispersed repeats and transposons found
in a previous study [38]. A total of 20 654 promoter
sequences belong to the previously annotated rice
promoters. In this case, the number of false positives
was not higher than 160 sequences. The remaining
37390 potential promoter sequences may represent
promoters of unknown genes (in particular, microRNA
genes [39]), promoters associated with various mobile
elements of the genome, or evolutionary traces of the
dispersal of genes and their promoters. These pro-
moter sequences are the most interesting from a bio-
safety point of view. The reason is that a small number
of SNPs in the promoter sequence can transfer the
gene located behind the promoter sequence from an
inactive state to an active, and the active transcription
of a previously silent gene can begin. In fact, this
means that some of the biological properties of an AP
can change from being completely safe to being poten-
tially dangerous.

The MAHDS method is universal and can be used
to construct multiple alignments for any nucleotide
sequence. Such sequences can include the various
viral sequences listed above or those for different toxic
genes, animals, plants, and humans. It is only neces-
sary to create the corresponding sets M of sequences
and to construct multiple alignments for them with the
MAHDS method. After that, the AP genome is
“scanned” by each set M (it can be tens of thousands
of such sets), and a reasoned conclusion on the pres-
ence of potentially dangerous sequences listed in para-
graphs 1–3 is obtained. After that, rapid identification
of the possible insertions of DNA fragments into the
AP genome becomes possible, even for sequences that
have accumulated a significant number of base substi-
tutions and insertions or deletions.

CRISPR/Cas9-EDITED PLANTS
It should be noted that whole-genome sequencing

and subsequent bioinformatic analysis of the obtained
data, including genome assembly and annotation, is
currently an expensive and laborious approach to the
comparative assessment of AP genomes. In addition,
recently developed methods of genome editing, such
as CRISPR/Cas9, unlike other known methods (agro-
bacterial or biolistics transformation), allow the nec-
essary modifications to be made without traces.
Therefore, the development of new approaches to the
determination of possible changes in a genome of arti-
ficial origin is becoming urgent. The basis for such an
approach may be the creation of a databank of
l. 57  No. 2  2021
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sequences associated with economically valuable traits
of species and varieties of agricultural crops based on
the vast amount of information available today [40,
41]. Further, with modern search methods [42, 43,
https://crispr.cos.uni-heidelberg.de/], it is possible to
identify in the selected sequences the sites that are
most likely to be used for the design of the so-called
guide RNA (determines the location CRISPR/Cas9-
editing) and to collect them into a separate database.
Thus, the search for insertions, deletions, stop codons
(excluding gene expression or production of the cor-
rect protein), and nonsynonymous single nucleotide
substitutions can be narrowed down to a comparative
analysis of a set of short sequences in a number of
genes associated with certain plant characteristics.

CONCLUSIONS
Whole-genome sequencing and bionformational

methods open up unique, new opportunities for the
assessment of crop biosafety. It has become possible to
carry out a detailed analysis of possible insertions of
DNA fragments in the AP genome and to determine
their biological significance. The rapid screening of
APs for the presence of potentially dangerous genes,
viral sequences, and nonspecific promoter sequences
is also possible. An almost complete identification of
APs containing unwanted or biohazardous genes,
oncogenes, and genes that produce toxins will also be
possible. The application of these approaches in prac-
tice will significantly increase the AP biosafety.
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