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A b s t r a c t  
 

Since 1985, active development of agricultural biotechnology has been associated with 
genetically modified (GM) plants. After the production of GM maize in the second half of the 
1990s, the area of its crops has increased over 100-fold. Therefore, the GM maize spreeding and 
cross-pollination have become more practically relevant. Almost one third of the total area of all 
GM plants is occupied by GM maize. The Russian Federal Law No. 358 of 03.07.2016 prohibits 
the commercial use of GM plants in agriculture but allows their cultivation and testing for re-
search purposes. This necessitates assessing and developing criteria, currently absent in Russia, for 
the safe co-cultivation of non-GM and GM varieties. This review analyzes the factors influencing 
pollen dispersion: wind (speed and direction), humidity (rain), physiology (viability), the pollen 
amount, the character of the landscape, the size, shape and orientation of the recipient fields, and 
the synchrony of flowering of the pollen donor and recipient. Early studies of gene flow in cross-
pollination were reviewed Y. Devos et al., (2005) and O. Sanvido et al. (2008). In particular, the 
distance between GM and traditional maize recommended in the EU countries, with the same 
threshold for GM content in food, varies considerably (from 25 to 600 m) (Y. Devos et al., 2009; 
L. Riesgo et al., 2010). In addition to the distance between crops and the synchronicity of flower-
ing, the frequency of cross-pollination depends on the field size and orientation (M. Langhof et 
al., 2010). Estimates of the cross-pollination frequency and the pollen counts at different distances 
from the GM donor allowed the researchers to recommend isolation distances of 10 to 200 m. If 
the isolation distance cannot be ensured, the recipient and/or donor field should be bordered by a 
barrier to pollen. In the recipient field, the outer rows of maize plants can be the barrier. After a 
10-20 m maize barrier, almost none of the analyzed samples contains more than 0.9 % of GM 
material. For recipient fields of less than 1 ha in area and/or low-depth fields, an isolation dis-
tance of at least 50 m should be recommended, especially in the wind rose direction. Data on 
spreading GM maize with pollen in Europe, South America, Africa, and Asia provide recommen-
dations for safe co-cultivation of non-GM and GM maize varieties and lines. The cytoplasmic 
male sterility (CMS) approach for GM- and non-GM maize co-cultivation was developed. The 
genetic control of CMS (N-, S-, C-types and CRISPR-mediated approach) and the CMS appli-
cation history are discussed. For CMS hybrids, the isolation distances between GM and tradition-
al maize crops may be significantly reduced (up to 10 m) without violation of the European re-
quirements of a 0.9 % marking threshold. However, GM-maize with CMS is not used for practi-
cal cultivation. Russia has yet to develop its own measures and recommendations for the joint 
cultivation of GM and traditional maize. 
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Derivation of varieties by genetic engineering (GE) methods and their 
practical application have been actively developing as areas of agricultural bio-
technology since 1985. Large-scale industrial production of genetically modified 
(GM) plants, particularly maize, has begun in 1996. The area of cultivation of 
agricultural GM crops since the beginning of their use has increased by more 
than 100 times – from 1.7 million hectares in 1996 to 185 million hectares in 
2016, which amounted to about 12% of the world's acreage [1]. In 2017, GM 
varieties with herbicide resistance (either alone or in combination with insect 
pest resistance) were grown globally on a total of 166.4 million hectares [2]. 

Corn (Zea mays L.) is one of the most common crops, the production of 
which in the last 10 years in the world has grown from 600 to 1000 million tons. It 
adapts well to high temperatures, which in the context of climate warming creates 
the potential to expand areas of cultivation, including in Russia, where, according 
to the Federal State Statistics Service, almost 9 times more corn was grown in 
2018 than in 1995 (http://www.gks.ru/free_doc/new_site/business/sx/val_1.xls). 
Among GM crops, maize is the second largest in the world after soybeans in 
terms of the crop area and the first in terms of harvest. In 2015, GM corn ac-
counted for 53.6 million hectares or almost a third of the total crop area (185 
million hectares) in the world [3]. In other words, there is a danger of gene 
transfer from GM corn to non-GM corn when they are grown together. 

According to the Convention on Biological Diversity, 1993 (United Na-
tions 1992; came into force in 1993), each participating country must develop a 
strategy and program for the preservation and use of its biological resources with 
their guaranteed and safe reproduction [4]. In particular, it is necessary to estab-
lish and approve ways and methods of regulating, managing and controlling the 
risks associated with the creation, use and distribution of GM varieties, as well 
as to develop methods for assessing possible risks in the cultivation of GM varie-
ties for biodiversity preservation [5]. 

Russia is one of the countries that banned the commercial cultivation of 
GM crops (Federal Law dated July 5, 1996 No. 86-FZ “About State Regulation 
of Genetic Engineering Activity”, Federal Law dated July 3, 2016 No. 358-FZ 
“On Amendments Being Made to Particular Legislative Acts of the Russian 
Federation to Improve State Regulation of Genetic Engineering Activity”). Fed-
eral Law No. 86-FZ (1996) initially did not provide for the registration of GM 
varieties and the output of products based on them; but 10 years later, 15 GM 
crops were studied and allowed in Russia: 8 lines of corn, 3 lines of soybean, 1 
line of sugar beet, 1 line of rice and 2 varieties of potatoes (Letter of the Federal 
Service for Supervision of Consumer Rights Protection and Human Welfare “On 
Improving the Supervision of Food Products Containing GMO and GMM” 
dated August 20, 2008 No. 01/9044-8-32). Effective since 2018, Federal Law 
No. 358 also prohibits the commercial use of GM plants in agriculture but per-
mits their cultivation and testing for scientific and research purposes. Conse-
quently, a real necessity to develop criteria for the joint safe cultivation of un-
transformed and GM crops, including maize, taking into account the tasks of 
biodiversity preservation, appeared in Russia. This development includes the 
analysis of the best practices of experimental evaluation of potential risks in the 
cultivation of GM plants. This problem has many different aspects, such as con-
sidering the effects of herbicides and insecticides on non-target plant and insect 
species during cultivation of GM crops [6], but in this review, the material will 
be focused on evaluating the risks of distribution of GM corn with pollen in co-
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cultivation of untransformed and GM maize varieties, which has not been stud-
ied in Russia. 

Expansion of  GM corn po l len in  f ie ld  condit ion s. Maize is a 
monoecious wind-pollinated species; plants reach a height of 3 m (sometimes up 
to 6-7 m), which increases the risk of spreading pollen of GM varieties carried 
by the wind for tens and hundreds of meters [7, 8]. Pollen transfer is influenced 
by many factors: wind (speed and direction), rain (humidity), physiology (viabil-
ity), pollen quantity, landscape character, size, shape and orientation of the recipi-
ent field, the synchronicity of flowering of the pollen donor and recipient [9]. 

Pollen viability. Pollen viability (ability to germinate) is an important 
condition for cross-pollination. After leaving the anthers, corn pollen is viable 
for 1-24 hours [10, 11]. In the moderate climate of Europe (France), pollen via-
bility is maintained up to 24 h [11]. Depending on atmospheric conditions in 
Iowa (USA), pollen germination decreased by 50% after 1-4 h [12]. In many 
years of research in the arid conditions of Mexico (area of Nayarit), a decrease 
in the pollen viability outside by 80% for 1 h and 100% for 2 hours was noted; 
in the driest conditions, 100% of pollen grains became unviable within 1 h [12].  

Wind. Air flows during pollen expansion can lift pollen high into the at-
mosphere and distribute it over considerable distances. Pollen viability decreases 
with altitude, but at higher altitudes, lower air temperatures favor the mainte-
nance of pollen viability. The main horizontal flow of pollen in corn was ob-
served at an altitude of 6.5 m, and it was the same at a distance of 3-10 m from 
the source [13]. A small amount of pollen was recorded at a distance of 800-
1000 m from the source, while the settling rate of pollen ranged within 0.0002-
0.001 grains/(m2Łs) [13, 14]. On average, the frequency of cross-pollination (% 
of grains) was the same at a distance of 28 m down the wind and at a distance of 
10 m against the wind [15]. 

Wind speed is the main variable that determines the amount of pollen 
dispersed after the release of pollen grains from anthers. The time and distance 
of the pollen grain fall on the snout of the recipient plant depend on gravity, on 
the one hand, and turbulence and airflow, on the other [16]. Corn pollen grains 
in comparison with pollen of other wind-pollinated species are relatively large 
(average diameter 90 microns) and heavy (0.25 µg), so corn pollen has a high 
settling rate [14, 17]. About 95-99% of the pollen is set at a distance of about 30 
m from the source. At a distance of more than 30-50 m, its amount is signifi-
cantly reduced, but the clear distance beyond which it is not detected is un-
known [13, 14, 17]. The relative density of pollen in experiments in Massachu-
setts (USA) fell to about 2% at a distance of 60 m from the edge of crops and 
remained within 0.50-0.75% at a distance of 500 m from the donor culture [18]. 
In another paper, it was reported on the settling rate of pollen downwind at a 
distance of 10 m from the source – 10-100 grains/(m2Łs), 800 and 1000 m – 
0.001-0.0002 grain/(m2Łs) [13]. In a study carried out in Mexico, no correlation 
between wind speed and cross-section percentages was observed, meaning that 
the role of wind speed may not be relevant to cross-section frequency [8]. 

Humidity, rain. In the air stream, pollen can be captured by water drop-
lets and/or fall on wet flowers, where it bursts and dies. As a rule, corn pollen 
falls out of anthers in dry conditions, mainly from morning to noon [13, 14]. 
When it rains, pollen release is delayed because anthers do not crack in wet 
conditions [13, 14]. However, the published data to quantify the impact of rain 
on anthers opening and maize pollen flow is not still available.  

Field dimensions of the GM pollen source and the recipient field. A cloud 
of pollen of recipient plants over the field of the recipient competes with donor 
pollen. The larger the field, the greater the mass of the recipient's pollen. Field 
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tests have shown that for a donor of pollen with a given size, the cross-
pollination frequency decreases as the size of the recipient field increases [14, 
19, 20]. This indicator, expressed as a percentage of GM plants, decreased from 
1.8% to 0.8% when the size of the pollen recipient field increased from 0.25 to 1 
ha [19]. The results of research with fodder corn in Germany, when the donor's 
fields of GM corn were surrounded by an isogenic non-GM variety, confirmed 
these results [14]. However, later in Germany, it was found that the size of the 
donor field 0.3-23 ha did not affect the frequency of cross-pollination [21]. In 
experiments in Spain, the size of the donor field of corn influenced the number 
of GM grains found in the recipient field, but to a lesser degree than the size of 
the recipient field [22]. 

Shape and orientation of pollen donor and recipient fields. The study of the 
influence of the shape of the fields of recipients and pollen donors showed that 
the volume of their cross-pollination can be easily reduced by changing the 
square shape of the recipient field to a rectangular of the same area and placing 
it accordingly [14, 23]. For example, if a 5-hectare recipient field had a long 
side facing the pollen source, the cross-pollination frequency was 10.7%, if the 
short side – only 3.4% [24]. 

Synchrony of the donor and recipient flowering. Synchronization of pollen 
dispersion and snouts release is crucial for determining the survival rate of corn 
pollen [14, 25]. The better the synchronicity between pollen donor flowering and 
the snouts release of the recipient plant, the higher the probability of cross-
pollination [11, 14, 25, 26]. Different sowing times can lead to a difference in 
flowering time, limiting cross-pollination. In Spain, the difference in sowing 
time on average of 1 week reduced the frequency of cross-pollination in the first 
row of recipient fields by 50%, 3 weeks – by 75% [20, 27]. In Mediterranean 
European countries, this approach can be applied without crop losses [20, 27]. 

Barriers to Pollen. Plants around the source or recipient of pollen can act 
as barriers. Thus, the presence of several rows of taller plants on the outside of 
the donor field reduces the frequency of crosses, i.e., the effect is similar to in-
creasing the distance to the recipient plants. In addition, barriers introduce 
competing pollen if they are plants of the same species and/or physically impede 
pollen transfer through the air by affecting flows and filtration [18, 28]. A barrier 
of corn and trees reduced cross-pollination (immediately behind the barrier) by 
50% more efficiently than the sown earth [14]. A barrier of tall sorghum plants 
reduced the safe distance of the joint cultivation of GM and non-GM corn from 
35 to 20 m with a threshold value of the frequency of cross-pollination below 
0.9% [29].  

Landscape influence. The highly diverse nature of the landscapes of the 
European Union (EU) suggests that measures to ensure the coexistence of GM 
and non-GM plants should be adapted to regional conditions under the 
SIGMEA program for the sustainable introduction of GM crops into European 
agriculture. In 2010, four landscape-specific maize growing zones in Alsace and 
Aragon (France) were compared and regional landscapes were classified by risk 
degree for different threshold values of 0.1; 0.4, and 0.9% [30]. 

Risk analysis of the spread of GM corn varieties with pollen 
in dif ferent countr ie s. Europe. EU C o u n t r i e s. Directive 2001/18/EC dat-
ed March 12, 2001 on the deliberate release of genetically modified organisms 
into the environment is in force in the European Union and was substantially 
amended in 2015. Directive 2015/412/EC established the right of EU member 
states to restrict or prohibit the cultivation of GMO approved in the EU in their 
territories. The prohibition can be imposed not only for scientific but also for 
political, socio-economic reasons. Permission to grow a GM crop can be ob-
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tained only after an individual assessment of the potential danger of each GMO 
to human and animal health.  

A study in 2000-2003 in 15 counties of England showed a quick reduction 
in the rate of cross-pollination in corn at a distance of the first 20 m from the do-
nor culture; however, marker genes of GM varieties of fodder and sweet corn were 
detected by PCR at distances of 80 and 200 m [31, 32]. SCIMAC (Supply Chain 
Initiative on Modified Agricultural Crops, UK), an organization established to 
regulate the use of GM plants in England in the production of agricultural prod-
ucts, recommended a separating distance of 80 m for the joint cultivation of GM 
and non-GM corn varieties [31]. 

Due to the inclusion of 17 GM corn varieties in the EU catalogue of 
crop varieties on September 8, 2004, an increase in the commercial acreage of 
transgenic maize was expected in some countries [14] and thresholds (0.9%) 
were set for allowing the accidental and technically unavoidable presence of GM 
material in non-GM products. To reduce pollen dispersion, the EU has adopted 
a regulation that establishes 200 m as the minimum isolation between the pollen 
source and the recipient field (with the use of physical barriers – 100 m) [14]. 
The distances originally proposed by EU member states for isolation of tradi-
tional and GM corn ranged from 15 to 800 m [33].  

An empirical one-dimensional model of gene flow mediated by corn pol-
len allowed establishing the practice of growing GM and traditional plants while 
maintaining the threshold value of 0.9% for GM grain in non-GM grain [34]. 
Based on the model describing the decrease in the rate of germination of pollen 
grains in the atmosphere, it can be assumed that the decrease in the settling rate 
is accompanied by a decrease in the viability of pollen [35]. A simple dispersion 
model is proposed to illustrate the possible effects of changes in the deposition 
rate and germination rate on pollen propagation and cross-pollination of corn. 
The results show that modern pollen propagation models that do not take into 
account these changes overestimate cross-pollination rates [35]. An approach to 
modelling pollen-mediated gene flow from multiple sources is proposed [8]. It is 
based on generalized linear mixed models that quantify variability across years 
and locations to determine which isolation methods will effectively meet the 
0.9% threshold. Data for the new model were obtained from a database of ex-
periments conducted in 2000-2010 in Canada, France, Germany, Italy, the 
Netherlands, Poland, Romania, Slovakia, and the United States. According to 
this model, for 1 ha of a non-GM field, surrounded from all four sides by GM 
fields, 12 m of border rows in combination with a 12-meter band out of crop are 
enough to ensure a threshold of 0.9% (at the 95% significance level) established 
by the EU [9]. Based on a comparison of four methods for assessing the pres-
ence of GM corn in the fields of non-GM recipients with mathematical pro-
cessing of the results, a more reliable method for recording GM crosses over the 
entire depth of the field was proposed [36]. 

Cultivation of GM corn in Europe until 2005 was limited to Spain (about 
58 thousand hectares in 2004). Since 2005, GM corn varieties have been cultivat-
ed in the Czech Republic, Slovakia, France, Germany, and Portugal [36]. Howev-
er, since 2008, France has prohibited the cultivation of the GM corn variety 
MON810 resistant to insect pests [33]. Germany, after further research and public 
debate, also prohibited the use of the MON810 on its territory [37]. GM corn 
crops in the Czech Republic and Slovakia have only declined since 2008 until a 
total prohibition in 2017 [2]. In Portugal and Spain to 2017, the area under GM 
corn decreased by 10% relative to 2016 (https://www.infogm.org/6391-europe-
GMO-drop-of-transgenic-crops?lang=fr).  

I t a l y. In Italy (Lombardy), experiments were conducted to study the ef-
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fect of different flowering periods of the GM donor and non-GM recipient of 
corn on the number of GM plants in the recipient's crops. A slight or complete 
absence of pollen flow reduction was found with the difference in flowering time 
between the source and the recipient up to 3 days. For the 4-5 days period, the 
flow of pollen decreased by 25%, for 6 days — by 50%, for more than 7 days — 
by 100%. The cross-pollination threshold (0.9%) was reached at a buffer zone of 
25 m, with corn plants being a more effective barrier rather than fallow (out of 
crops) lands [38].  

R o m a n ia. In 2008-2009, the distribution of GM corn pollen of the 
MON810 variety was studied in the South (Călărași district), East (Brăila district) 
and West (Timiș district) of Romania to assess potential risk [42]. A plot sized 
300½250 m planted with transgenic plants was surrounded by crops of non-
transgenic seeds. The average distance at which the content of GM grains was less 
than 0.9% in all four directions (north, south, east, west) was 20 m in 2008, and 
25 m in 2009 [39]. On this basis, for the spatial isolation of commercial GM va-
rieties, the authors considered a distance of 35 m sufficient. In 2016, Romania 
stopped growing GM corn [2]. 

T h e  N e t h e r l a n d s. In 2006-2007, field tests of the effect of the two 
insulating distances (25 and 250 m) specified in the Dutch Coexistence Commit-
tee (Holland) resolution were conducted in three regions of the Netherlands 
[40]. A field with the genetically modified donor (DKC3421YG, a modified ver-
sion of the MON810 variety, 1 ha) was surrounded in four directions by fields 
(0.25 ha) with traditional corn (variety DKC3420), located at a distance of 25 
and 250 m. PCR analysis showed the presence of 0.080-0.084% GM grains for 
25 m distance and 0.005-0.007% for 250 m. 

It is important to note that the European Union has adopted a stricter 
regulatory framework for GM plants compared to other countries [41], despite 
the fact that Europe grows less GM corn than on all other continents except 
Australia, although, according to Italian scientists who analyzed 1,783 publica-
tions for the period from 2002 to 2012, no direct threat from the use of GM 
plants was revealed [42]. Directive 2015/412/EC of the European Parliament 
and the Council dated March 11, 2015, as already noted, allows the EU member 
states to determine independently the amount and rules of cultivation of GM 
plants [43]. By October 2015, 19 of the 28 EU countries had applied to abandon 
the cultivation of GM corn MON810 [44]; by 2017, this variety was grown only 
by Portugal and Spain [45].  

R u s s i a. In 2012, the Russian Federation approved the Comprehen-
sive Program for the Development of Biotechnology (Including Agricultural 
Biotechnology) for the Period up to 2020 [46]. In 2013, Russia ranked 12th 
in the world in corn production [47]. As per the Federal State Statistics Ser-
vice, in 2016, the yield of corn grain was almost 9 times higher than in 1995 
(respectively 15.0 million tons against 1.7 million tons), but over the next 2 
years it decreased, reaching 13 million tons in 2017, and 11 million tons in 2018 
(http://www.gks.ru/free_doc/new_site/business/sx/val_1.xls). At the same time, the 
acreage for corn in the period from 1995 to 2018 in Russia, according to the Federal 
State Statistics Service, increased by nearly 4 times (from 643 thousand hectares to 
2452 thousand ha) (http://www.gks.ru/free_doc/new_site/business/sx/posev_pl1.xls).  

Currently, GM corn in Russia is not officially grown, although in 2008, 
8 lines of GM corn of American origin were ready for mass production (Letter 
of the Federal Service for Supervision of Consumer Rights Protection and Hu-
man Welfare “On Improving the Supervision of Food Products Containing 
GMO and GMM” dated August 20, 2008 No. 01/9044-8-32).  

For comparison, the area of the world's biotechnological crops increased 
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from 1.7 million hectares in 1996 to 189.8 million hectares in 2017 (by more 
than 100 times) [48]. In 2016, the total world income of farmers from using GM 
corn amounted to 2.1 billion USD, the total return for the years 1996-2016 was 
13.1 billion USD, among which 4.5 billion USD (34%) was due to increased 
yield, the rest – due to the reduction of production costs [49]. 

The review by Zhuchenko [50] presents an analysis of the risks associat-
ed with the creation, cultivation, and use of GM plants in agriculture. The limi-
tations of genetic engineering, as well as possible evolutionary, biological and 
environmental consequences of the widespread use of genetically modified or-
ganisms, are considered. It is important to note that some of the limitations and 
dangers of genetic engineering mentioned in the review (in particular, the lack of 
site-directed gene integration methods, or insertion of introduced genes into a 
specific host DNA site) have already been overcome by modern CRISPR/Cas 
technologies. For modeling the microevolution of a population, in which the 
GM species are presented, Zhivotovsky [51] considered two scenarios of the be-
havior of mixed populations depending on the adaptation potential of GM 
plants. According to one scenario, GM plants that carry useful adaptations (for 
example, heat and salt resistance) may gain an advantage over other populations 
for a short period of time and displace them, but then die due to their own nar-
row adaptation with a significant and varied change in conditions ("Trojan horse 
hypothesis"). Similar conclusions were given earlier by other authors [52]. How-
ever, experimental risk assessment of GM corn distribution in Russia has not 
been carried out; criteria and recommendations for its safe cultivation together 
with untransformed varieties in Russia are absent. 

North America. M e x i c o. Mexico is considered the center of origin and 
biodiversity of corn, the domestication of which began in its territory more than 
8 thousand years ago [53]. In Mexico, more than 9 thousand species have been 
created and stored [54], including the populations of subspecies of corn (Zea 
Mexicana, Z. parviglumis) and teosinte plant species that participated in the 
breeding of modern corn in Mexico [55].  

As early as 2001, GM corn imported from the United States was found 
in local corn populations in Northern Mexico (Oaxaca state) [56], although no 
GM corn was detected in a later 2-year study of 125 Oaxaca fields using PCR 
[57]. However, no more than 10 plants (corn ears) from each field were ana-
lyzed and combined samples (from 300 to 810 and even 5,630) were used [57]. 
The authors also do not indicate at what distance the studied fields were from 
the fields where GM corn varieties were tested in Mexico in 1998. Experimental 
testing of the ability of donor corn pollen to spread and pollinate recipient plants 
in Mexico showed the highest frequency of crossing near the pollen source – 
12.9% at a distance of 1 m. This value fell sharply to 4.6; 2.7; 1.4; 1.0; 0.9; 0.5 
and 0.5% as the distance increased, respectively, to 2, 4, 8, 12, 16, 20, and 25 m. 
At a distance of more than 20 m, the crossing frequency at all points was below 
1% [8]. It should be noted that in Mexico, unlike many other countries, the ad-
ditional factor of increased risk of uncontrolled spread of GM corn is active: 
during cultivation, small-scale farmers traditionally exchange grain for planting 
and sow mixed populations of corn (the so-called creolization) [58]. The ob-
served distribution of GM corn in Mexico under the described conditions 
showed that in sowing 5 hectares of GM corn in each of the 13 regions, in 10 
years, GM plants will be present in 87.85% of all crops [55]. 

To protect the genetic resources of corn in Mexico, the GM Biosafety 
act was drafted in 2008, which provides for the establishment of isolation zones 
for areas that are considered centers of corn origin; the protection of species 
for which Mexico is considered a center of origin and genetic diversity; the use 
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of isolation distances (250 m) for experimental field studies with transgenic 
corn, with additional restrictions in regions identified as centers of origin [8]. 
Since 1996, Mexico has approved 170 biotech crops for food, feed, and culti-
vation, including 75 GM corn lines [2]. In 2017, Mexico approved five GM 
corn lines for production. 

T h e  U S A. The marked gap between American and European approaches 
to GM crops is observed. The USA has 1.4 times more arable land than the EU, 
with almost 600 times more land allocated to GM crops [45]. This huge differ-
ence reflects the different attitudes towards genetically modified organisms 
(GMOs) in Europe and the United States. In Europe and America, regulation is 
based on fundamentally different models of risk assessment inherent in GMOs. 
These approaches are called process-based (principle-based) and product-based 
[59]. In the first case, the risk character is recognized for the process of genetic 
modification, in the second – for its result, the object (GMO or derivative 
products) [60]. Legislation of all countries can be divided according to this crite-
rion into two types. The first includes regulation in the EU, the second – in the 
United States and Canada. Most of the countries that follow the process-
oriented approach participate in the Cartagena Protocol on Biosafety (2000), 
while the countries implementing the product-oriented approach largely do not 
participate. This causes significant differences in the requirements for GM crops 
but does not directly affect the possibility of their cultivation. The process-
oriented approach is adopted in Brazil and India, which are among the leaders 
in the use of biotechnology in agriculture [61]. 

In the United States since 1986, the Coordinated Framework for Regu-
lation of Biotechnology, updated in 1991, is active. It serves as a guideline for 
federal oversight and regulation of GM foods, including GM crops, food prod-
ucts, and GMO use. In implementing the regulation, U.S. regulatory authorities 
should rely solely on the risks inherent in the final product, without regard to 
biotechnological processes of its manufacture [62]. The USA has no federal legis-
lation on GMOs in the United States and the United States is not a party to the 
Cartagena Protocol on Biosafety and the Convention on Biological Diversity [2]. 

The first commercial herbicide-resistant GM corn appeared in the U.S. 
market in 1998. By 2009, genetically modified corn in the United States ac-
counted for 85% [63]. According to the evaluation of American researchers, the 
yield of GM corn from 1996 to 2010 in the central corn belt of the United 
States only slightly increased, unlike GM soybeans. However, whether this was 
due to the use of GM corn or other factors is not analyzed in detail [64]. The 
US legislation on GM plants is the most liberal, although in the US, there is a 
theoretical danger of crossing corn with eastern gamagrass Tripsacum dacty-
loides L., which is widespread in the eastern and northern part of the United 
States [65]. Eastern gamagrass belongs to the same genus of the family Poaceae 
as corn Zea mays L., and grows naturally in the same region of the United States 
where corn is commercially produced. To study the gene flow from corn to 
gamagrass, experimental crosses were made between transgenic corn used as a 
male parent and gamagrass as a female parent to assess the possibility of inter-
specific hybridization [66]. No evidence of gene flow from transgenic corn to 
gamagrass was observed in nature, although the two species grew in close prox-
imity for many years and had ample opportunities for interbreeding [66]. 

South America. C o l o m b i a. The Colombian Agricultural Institute (In-
stituto Colombiano Agropecuario, ICA) in 2010 established a distance re-
quirement of 500 m between local and transgenic corn fields [67]. In 2015, 
Colombia reviewed 60 randomly selected plots of corn in the valley of San 
Juan planted in groups at distances of 2.2-4 km in the area of 15½8 km. The 
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areas of ordinary corn varied from 8 to 114 hectares, GM corn – from 95 to 
125 hectares. The effects of the distribution of GM corn with pollen were ana-
lyzed by three independent methods (two enzyme immunoassay and PCR). The 
results showed the presence of transgenic sequences in leaves (more than 88% of 
plots) and seeds (12% of plots) of non-GM corn [68].  

U r u g u a y. Uruguay's government regulations stipulate that when GM 
corn is grown, at least 10 percent of the area should be occupied by non-GM 
corn as a biodiversity safety zone. Government resolutions (2003-2004) set a 
minimum distance of 250 m between GM and non-GM corn [16]. In 2010, 
Uruguay studied cases and determined the frequency of cross-pollination be-
tween commercial GM and non-GM varieties. The technique included detection 
of GM varieties by sandwich-ELISA and PCR methods. The proportion of 
transgenic seedlings in the offspring of non-GM crops was 0.56; 0.83 and 0.13% 
at three sampling points at a distance of 40, 100 and 330 m from GM crops, 
respectively [16]. 

A r g e n t i n a. Argentina is the third country in the world in terms of the 
cultivation volume of GM crops [69]. In 2010, their GM crop acreage here ac-
counted for 21% of the world's biotech crops (99% for soybeans, 83% for corn, 
94% for cotton) [70]. In 2016, this value was already 97% for corn, almost 100% 
for soybeans and 95% for cotton [3]. 

Data on environmental and agrotechnical risks obtained in EU countries 
based on assessments and the need to have certain isolation zones are perceived 
in Argentina as an obstacle to the realization of national interests [52], as the use 
of GM crops in Brazil and Argentina has resulted in a higher average income for 
farmers. The combined economic impact of 24.8 billion USD for Brazil and 
21.1 billion USD for Argentina was achieved mainly by reducing the cost of se-
lective herbicide and achieving higher yields [3]. 

B r a z i l. Since the first GM crop was grown in Brazil in 1998, their 
share in crops has increased to 88% for corn, 96% for soybeans and 78% for 
cotton crops [3]. Brazil requires a buffer distance of 100 m from the edge of the 
GM corn field to the beginning of the non-GM corn field. Alternatively, a 20-
meter buffer consisting of at least 10 rows of non-GM corn along the edge of 
the GM corn field can be used. Buffer zones were established by the Brazilian 
National Technical Biosafety Commission on the basis of gene flow studies, as 
well as taking into account national legislation, which set a threshold of 1% for 
GM crops [71]. 

Africa. Compared to other African countries, the Republic of South Afri-
ca has adopted GM crop biotechnology from the very beginning. The first field 
tests of GM crops were conducted in South Africa in 1989; the first commercial 
production of GM corn was approved in 1997 [46]. The main legislation in 
South Africa concerning GMOs, including their limited use, trial release, com-
mercial release, and import and export, is the GMOs Act 1997 (Genetically 
Modified Organisms Act No. 15 of 1997, Statutes of the Republic of South Afri-
ca – Agriculture) [46]. South Africa is currently the eighth producer of GM 
crops in the world. The study of the level of cross-pollination between GM and 
non-GM corn in South Africa showed that <0.1-1.0% of pollen reached 45 m 
distance, < 0.01-0.1% of pollen moved to a 145 m distance, and <0.01-0.001% 
of pollen to a 473 m distance [72]. 

Asia. C h i n a  a n d  J a p a n. At a threshold of 0.9%, the insulation dis-
tance in China was estimated to be 50 and 25 m on a two-stage model [73]. 
Japanese food labeling rules for GM products are not particularly strict. New 
varieties of GM crops are grown on isolated farmland. Once the safety of such 
varieties is proven, they are allowed to grow on traditional farms. In Japan, how-
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ever, the introduction of GM crops for food production has met strong public 
opposition. More than 70% of Japanese consumers surveyed are against growing 
GM varieties and eating them [74]. 

The use of corn varieties with male steril ity to limit the 
spread of corn with pollen. One of the approaches for the joint safe culti-
vation of GM and non-GM corn is the use of plants with cytoplasmic male ste-
rility (CMS), in which pollen is defective (functionally defective) or is formed in 
small quantities. CMS is inherited through the maternal line. At first, three types 
of CMS were known: T-type (Texas), S-type (USDA) and C-type (Charrua 
type) [75, 76]. In the 1990s, the corn mitochondrial gene T-urf13 was found to 
encode a small protein URF-13 (13 kDa) expressed in mitochondrial crystals, 
which is responsible for the T-type of corn CMS and also increases susceptibility 
to fungal pathogens [76, 77]. The mitochondrial genome of the male-sterile corn 
S-cytoplasm contains a repeating R-region of DNA having two open reading 
frames [76]. The restoration of the fertility of S-type CMS is mainly controlled 
by the nuclear restorer Rf3, which is located in the 2nd chromosome [78]. For 
CMS of C-type, Rf4, located in the 8th chromosome, is a dominant gene restor-
ing fertility [79]. 

T-type CMS was widely presented in corn hybrids in North America in 
the 1950s and 1960s, mainly to limit seed self-reproduction by farmers [76]. In 
addition, for the introduction of CMS corn to agricultural practices, it was nec-
essary to ensure comparable yields. However, weather conditions in the early 
1970s contributed to the development of leaf blight in the varieties of corn with 
T-type CMS, which led to a loss of up to 15% of the crop in the states of the 
"corn belt" of the United States (more than 6 billion USD at the current rate). 
The varieties without T-type CMS were immune to infection, which limited the 
use of CMS in practice [80]. Due to the susceptibility of T-type CMS to the 
race of the fungus Bipolaris maydis (formerly known as Helminthosporium 
maydis, race T), other cytoplasm groups providing corn CMS were looked for. 
In the United States, S-type CMS (often referred to as USDA-type) was found 
in the offspring of the variety Teopod (Iowa) [76]. C-type CMS, identified in 
the Brazilian corn of the variety Charrua in 1970, was used in the creation of 
hybrids, but C-type CMS was sensitive to the race of B. maydis, found only in 
China so far [76]. 

To assess whether the CMS of corn hybrids reliably reduces pollen-
mediated gene flow from GM plants [81], two-year field experiments with three 
corn hybrids with CMS were conducted in three regions of Germany. The char-
acteristics of panicles, pollen viability, and cross-pollination frequency were in-
vestigated. CMS stability depended on the genotype, weather conditions of the 
year and location. One CMS corn hybrid showed high CMS-C stability and very 
low cross-pollination rate (<1%). The other two hybrids with the CMS types S 
and T were characterized by high variability and formed fertile panicles with 
small or large amounts of pollen, respectively. In all corn hybrids with CMS, 
cross-pollination was by 84-99% lower than in a conventional fully fertile varie-
ty. It was found that when using corn hybrids with CMS, the isolation distances 
between adjacent GM and non-GM fields can be greatly reduced (up to 10 m) 
while maintaining the set threshold of 0.9% [81]. 

If the corn hybrid with CMS and the pollinator plant provide another 
genetic background, yield can be increased significantly. The so-called Plus-
Hybrid-Effect combines the potential benefits of CMS and the Xenia effect (in-
creased female fertility associated with resource redistribution or greater seed 
viability) [81-83]. In the review by Wan et al. [84], the main achievements in the 
identification and characterization of CMS genes in corn, Arabidopsis, and rice 



436 

are summarized. In particular, corn to date is characterized by 17 CMS genes, 
13 of which are orthologs of CSM genes of rice and/or Arabidopsis. 

In 1998, DuPont (USA) developed the GM lines DP-32138-1 (commer-
cial name 32138 SPT maintainer), PH-ØØØ676-7, PH-ØØØ678-9, and PH-
ØØØ68Ø-2, and Bayer Crop Science (USA) introduced the GM line ACS-
ZMØØ1-9 (commercial name InVigor™ Maize) and ACS-ZMØØ5-4 (commer-
cial name InVigor™ Maize), approved for commercialization by ISAAA (GM 
Approval Database, http://www.isaaa.org/gmap-provaldatabase/default.asp). The 
line DP-32138-1 (commercial cultivation in the USA in 2011 and in Brazil in 
2015) has the transferred genes ms45 (restores fertility due to the normalization 
of development of the cell wall of microspores), zm-aa1 (its expression in the 
immature pollen hydrolyzes starch and makes the pollen sterile) and the marker 
gene dsRed2, encoding red fluorescent protein for easy selection. The lines PH-
ØØØ678-9, PH-ØØØ676-7, and PH-ØØØ68Ø-2 (commercial cultivation in the 
USA in 1998) have the transferred dam gene, which provides CMS, preventing 
the formation of functional anthers and pollen, and the pat gene for resistance to 
phosphinothricin. The lines ACS-ZMØØ1-9 and ACS-ZMØØ5-4 have the trans-
ferred barnase gene (causes male sterility; fused with a tapetum-specific promot-
er TA29 and activated in tissue during the formation of pollen, the product has 
ribonuclease activity, inhibiting the synthesis of RNA in the tapetum cells of the 
anther), the gene bla (neutralizes -lactam antibiotics, such as ampicillin) and 
the bar gene (in its presence, the enzyme phosphinothricin-N-acetyltransferase is 
produced, which acetylates herbicide phosphinothricin on the amino group, 
making it non-toxic to plants).  

In 2016, DuPont Pioneer (USA) developed a system for the production 
of hybrid seeds using male sterility to produce hybrids of corn and other cross-
pollinating crops [85]. The main element of this system is the so-called Seed 
Production Technology (SPT), which includes several stages. First, using the 
vector bearing the SPT design (contains the gene for male fertility of wild type 
Ms45 to restore fertility, the mortality gen of pollen ZmAA that violates its nor-
mal development, and the gene of the fluorescent marker DsRed2, which facili-
tates the sorting of seeds), the method of agrobacterium transformation of im-
mature embryos of corn is used to receive an SPT transgenic corn maintainer 
line. When the male sterile line (with a mutant gene ms45/ms45) is pollinated 
with pollen of the line that contains the SPT design, almost 100% of the result-
ing seeds have the genotype ms45/ms45 and can be used as female lines with 
CMS for crossing and produce hybrid seeds. A Multi-Control Sterility (MCS) 
hybrid seed production system has been developed to limit the rate of transgenic 
transfer through pollen lines containing the SPT design. The transgenic line is 
obtained with the agrobacterium transformation of mutants at the genes ms7 or 
ms30 using a vector containing the gene of male fertility (ZmMs) to restore fertil-
ity, two genes for fertility disturbance of pollen, which are able to inhibit the 
formation or function of transgenic pollen, the fluorescent marker (DsRed2) and 
the gene of resistance to herbicides (bar) to prevent contamination of the seeds 
[86]. In lines containing these structures, the rate of transmission of the 
transgene is reduced significantly. 

In 2014, Monsanto (USA) developed the Roundup Hybridization System 
(RHS) for the production of hybrid seeds [87]. The RHS mechanism is based on 
obtaining plants resistant to this herbicide through the introduction of the CP4-
EPSP gene from Agrobacterium sp. CP4 that encodes 5-enolpyruvyl-shikimate-3-
phosphate-synthase insensitive to glyphosate, with the subsequent selective de-
crease in the expression of this gene in male reproductive tissues. As a result, when 
exposed to glyphosate, defective pollen (glyphosate‐mediated male sterility) is 
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formed with virtually no negative effects on other organs [87]. 
Despite the fact that the three-gene hybrid system on the basis of CSM 

was used in the commercial production of hybrid seeds of GM corn, its wide-
spread use was prevented by serious problems [84]. Most of the developed CMS 
strategies have not been successfully applied due to the lack of a cost-effective, 
environmentally friendly and genetically stable strategy for large-scale reproduc-
tion of parent lines with CMS [84]. The necessary data was not found in the 
available literature on the large-scale sale and cultivation of GM corn seeds with 
CMS, although in 2017 the report on the commercial cultivation of GM rape 
with CMS was published [2]. 

Since 2016, CRISPR/Cas9 technology has been used to create corn lines 
with CMS. Xie et al. [88] studied the ms33 gene of corn, encoding glycerol-3-
phosphate acyltransferase (GPAT), a key enzyme in the synthesis of glycerolipid. 
The form obtained using CRISPR/Cas9 technology turned out to be a full-
fledged mutant with CMS without anthers and mature pollen grains. Loss of 
ZmMs33 gene expression in anthers violates the metabolism and development of 
the tapetum, which causes damage of anther cuticle and blocks the formation of 
pollen. In 2018, the vector CRISPR/Cas9 for editing the MS8 gene, encoding -
1,3-galactosyltransferase that affects the meiotic stage of anther development, 
was developed [89]. The authors obtained eight transgenic lines (T0). The results 
of sequencing showed that genes MS8 in these lines of the T0 generation are not 
mutated. However, mutations have been identified in the gene MS8 among the 
descendants of the transgenic lines H17 to F1 (obtained by crossing with the in-
bred line Zong31) and F2 (reproduced by self-pollination of F1). Mutations in 
the MS8 gene and CMS can be consistently inherited in generations and passed 
on to other elite inbred lines to produce hybrid products [89]. With the help of 
the CRISPR/Cas9 technology, corn mutants at the MS45 gene required for pol-
len development were also produced [90]. Plants of the generation T0 containing 
two-allelic mutations in the MS45 gene were with CMS. CMS lines created us-
ing CRISPR/Cas9 technology have not yet been tested in practical production. 
Thus, CMS has been used for more than half a century to limit the crossing of 
the donor and recipient of corn pollen, but this approach has not yet been wide-
ly used to create GM corn for various reasons. Perhaps, attempts to create corn 
varieties with CMS using CRISPR/Cas9 technology will be more successful. 

Early studies of gene flow in cross-pollination are discussed in summa-
rizing papers [14, 91]. However, differences in approaches, analytical methods, 
and experimental schemes impede comparison of results and complicate the 
identification of measures to limit cross-pollination in the field conditions. In 
particular, the distance between GM and non-GM corn recommended in EU 
countries at the same threshold of GM content in food varies significantly (from 
25 to 600 m) [92, 93]. In addition to the distance between crops and the syn-
chronicity of flowering, the frequency of cross-pollination depends on the size 
and orientation of the fields [94]. Most studies of the distribution of GM varie-
ties were based on a single source of donor pollen, often with a smaller or equal 
field size relative to the recipient [34, 91]. Later, models based on multiple pol-
len sources were created, based on numerous data of field experiments [95]. The 
established requirements to the minimum distance and flowering time when 
grown transgenic and non-transgenic corn discriminate farmers, but the addi-
tional costs of these requirements (up to 300 Euro/ha) severely limit the eco-
nomic benefits of the growers of GM corn in Europe [92, 96].  

Thus, since the second half of the 1990s, the area under GM corn has 
increased by more than 100 times; therefore, the issues of its distribution and 
cross-pollination have become more relevant in practical terms. Based on cross-
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pollination and pollen counting data at different distances from the source, a 
range of isolation distances from 10 to 50 m is recommended. If the proper iso-
lation distance cannot be ensured, the area of the recipient and/or donor may be 
bordered by a pollen barrier. In the recipient field, the outer rows of corn can be 
considered the pollen barrier. After the 10-20 m wide corn pollen barrier, al-
most no analyzed sample contains more than 0.9% of GM material. For recip-
ient areas of less than 1 ha and/or shallow depth, an isolation distance of at 
least 50 m may be recommended, especially in the direction of the wind pat-
tern. When using corn hybrids with CMS, isolation distances between adjacent 
GM and non-GM corn fields can be significantly reduced (to 10 m) while 
maintaining compliance with European requirements (marking threshold 
0.9%). However, for practical mass cultivation of GM corn and corn modified 
with the CRISPR/Cas9 technology with CMS is not yet used. Russia has yet 
to develop its measures and recommendations for the joint cultivation of GM 
and non-GM corn. 
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