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Abstract

The new Russian Federal law (No. 358 of 03.07.2016) prohibits the commercial use of GM
plants in agriculture, but allows, since 2018, for the first time in Russia their cultivation and testing
for research purposes. Consequently, there is a need to assess and develop criteria for safe co-cultivation
of non-GM and GM varieties, which are currently absent in Russia. In this paper, it was established
for the first time that the 10-15 m distance is sufficient to prevent cross-pollination between maize
lines with an acceptable presence of 0.9 % of the donor’s genetic material, regardless of the recipient
line, donor and recipient time flowering, and the wind direction in Saratov condition (South-West
region of European part of Russia). The work aimed to assess the influence of the distance between
pollen donor and recipient, wind direction, donor and recipient time flowering, and a buffer zone
presence between them on the crossing frequency in mixed maize crops. The maize lines Korichnevyi
marker (KM), GPL-1, Zarodyshevyi marker Saratovskii Purpurnyi (ZMS-P), Purpurnaya Saratovskaya
(PS), as well as hybrids Purpurnyi (GP), Raduga and Tester 3 were grown (the experimental field of
the Rossorgo, Saratov, South-West region of European Russia, 2018-2019). We planted the GP and
ZMS-P lines as pollen donors in 2018 on a 3x80 m? area with planting density of 7-10 plants per
1 m2. Between the pollen donor area, maize KM and GPL-1 lines were planted, and around them
there were a 1290 m2 area of yellow-colored grain recipients (Raduga and Tester 3 hybrids). In Sep-
tember, 5-12 ears from each pollen recipient were harvested. The cross-pollination frequency was
calculated as the ratio of purple grains (GP pollination result) or yellow grains with a purple spot
(ZMS-P pollination result) to the total grain number in recipient lines. In 2018 it was established that
the maximum percentage (from 0.1 to 13.2 %) derived from cross-pollination with two pollen donors
depends on different factors. At closer distances (1-4 m), the cross-pollination increased 4-fold for
the earlier flowering recipient. The percentage of crosses for recipient Raduga decreased 3 times
with a 10 m increase in the distance and 11 times at a 40 m distance from the donor plants. Experi-
ments in 2018 indicate that the 10 m distance from the pollen donor guarantees the percentage of
crosses not exceeding the 0.9 % GM threshold in food products accepted in the European Union and
Russia. In 2019, we used PS inbred line as a pollen donor. The PS was planted on a 3xX5 m plot with
Sudanese grass (Sorghum %X drummondii) Allegory cultivar as a buffer zone 3 m wide to the East and
West and 15 m long to the South-West and North-East. Yellow-grain hybrid Raduga was planted
around the buffer zone. The frequency of crosses was calculated as the ratio of the number of purple
grains to the total number of Raduga grains per ear. In 2018, the frequency of crosses was also estimated
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depending on the synchronism of flowering between pollen donors and recipients. The GPL-1 recipient
with a 9-day difference from PG (pollen donor) in the beginning of flowering showed a 4 % lower
pollination rate compared to a KM line with a flowering period closer to the PG pollen donor (1-day
difference). Tall plants of PG donor of pollen prevented spreading pollen from a short ZMS-P donor
to the Tester 3 and Raduga recipients in the direction of the wind rose. In 2019, no more than 0.9 %
of purple grains were observed for the recipient Raduga when using a buffer zone of 15 m and more
from the pollen donor in the wind rose direction. Based on the results of field experiments, the isolation
distance from 15 m or more can be recommended to exclude cross-pollination of maize within the
threshold of 0.9 % in the conditions of the South-East of the European part of Russia.

Keywords: GM plants, cross-pollination risks, maize, buffer zones

Maize (Zea mays L.) is one of the most important agricultural plants.
Since 2010, the world's harvest of maize has grown from 800 to 1,122 million
tons [1]. In the Russian Federation in 2019, according to the Ministry of Agri-
culture, the grain maize harvest amounted to 13.9 million tons, which exceeded
the 1995 figure (1.7 million tons) by more than 8-fold (http://mcx.ru/press-ser-
vice/news/v-2019-godu-urozhaynost-zernovykh-v-rossii-vyrosla-na-4-7/).

The photosynthesis of maize is of the C4 type, which implies a greater
efficiency in absorbing carbon dioxide in conditions of good lighting and high
temperatures. In addition, maize is drought-resistant, and climate warming, cou-
pled with increasing droughts, will make it possible to expand the area of its
cultivation in Russia. In Europe, an increase in the average annual temperature
of 1 °C has already pushed the border of maize distribution by 200 km to the
north [2].

The use of modern genomic technologies in crop production is one of
the priority areas for the use of biotechnology in agriculture in the developed
and developing countries [3]. The use of genetically modified (GM) plants for
industrial cultivation began in 1996. Currently, almost a third of all cultivated
maize is GM maize [4], which gives the largest yield of GM grain.

In the Russian Federation, until June 2018, there was a complete ban
on the cultivation of GM crops. According to the Federal Law No. 358 in force
since June 2018 (dated July 3, 2016), for the first time in Russia it is allowed to
grow and test GM plants in the framework of scientific research. However, the
parameters of safe cultivation of GM plants are not regulated and require studying.
Each country-participant of the 1993 Convention on Biological Diversity, includ-
ing Russia, must develop a strategy and program for the conservation and use of
biological resources, taking into account their safe reproduction [5, 6]. There-
fore, it is necessary to evaluate the criteria for the safe co-cultivation of non-
transformed and GM varieties of plants, in particular, maize.

Maize is a monoecious wind-pollinated plant, which is a source of in-
creased risk for the spread of pollen from GM varieties, crossing with which is
undesirable in production crops. The world has not developed a unified approach
to the legal regulation of the cultivation of GM crops. There are two opposite
points of view on the problem of joint cultivation of GM and non-GM plants [7].
In the countries of the European Union and North and South America, regulation
is based on fundamentally different risk assessment models for genetically mod-
ified organisms (GMOs). These approaches are called principle-based and prod-
uct-based [8]. In the first case, the risk of genetic modification is recognized, in
the second one, it is the risk associated with its result and object (GMO or
derivative product) [9, 10]. In a number of countries (USA, Canada, Argentina,
Brazil, and Spain), the cultivation of GM plants is permitted. Other states, in
particular the countries of the European Union and Russia, have decided to ban
the commercial cultivation of GM crops in their territory [11, 12].

The analysis of the world experience, accumulated over the past 20 years
on the experimental assessment of the risks of cross-pollination in the joint



cultivation of GM and non-GM maize, is given in a number of reviews [13-15].
Buffer distances in different countries can range from 25 to 800 m, depending
on legislative acts [16-18]. Moreover, the buffer distances measured in different
regions of the world have very insignificant differences [19-21].

The distance between fields was identified as a key factor in spreading
GM maize in non-transgenic crops [22]. As a consequence, the existing rules
are mainly concerned with maintaining a fixed isolation distance between GM
fields and the nearest non-GM fields [23]. However, other factors, such as the
synchronicity of flowering of the donor and recipient of pollen, wind, relative
sizes and shapes of fields, as well as the spatial distribution of different types of
fields, can also affect the buffer distances [24, 25].

In Russia, the co-cultivation of GM and non-GM maize has not been
systematically studied. In 2010, in the conditions of Krasnodar Territory, the
first experimental assessment of the distribution of GM maize in non-transgenic
crops was conducted [26]. The author states that cultivars of maize should be
planted at least 200 m from transgenic varieties of maize, and barriers should be
created in the direction of pollen flow. However, this work did not consider the
question at what distance it is possible to grow GM and non-GM maize in order
not to exceed the permissible content (0.9%) in Russia of GM product in the
total grain yield. Since in Russia until June 2018 there was a complete ban on
the cultivation of GM plants in an open environment, to study the distribution
of GM maize pollen in field experiments that began in May 2018, the authors
used a technology that simulates the distribution of GM pollen among produc-
tion varieties under the conditions of free pollination. The essence of the tech-
nology is to assess the distribution of donor pollen based on the manifestation
of a dominant trait (purple or white grain) in the progeny of yellow-colored
grain lines of recipient plants [27-29].

In 2015, Russia developed an “Intra-industry standard for growing seed
plots of maize, checking and preparing maize seeds for first-generation hybrids”
(VOST 01.09.GK. Coordination Council for the development of maize seed
production in Russia, 2015), which could serve as a guide for safe growing dis-
tances for maize. However, the standard lacks information about the experi-
mental work that underlies these recommendations and does not take into ac-
count the possibility of the presence of acceptable 0.9% GMO products, which
can significantly affect the safe distances for joint cultivation.

In this work, in the conditions of the Saratov Region (southeast of the
European part of Russia), for the first time, it was found that a distance of 10-
15 m was sufficient to prevent cross-pollination of maize lines with an acceptable
presence of 0.9% of the donor's genetic material, regardless of the recipient line,
the flowering time of the donor and the recipient, as well as wind direction.

The aim of the work was to assess the influence of the distance between
the donor and recipient of pollen, the direction of the wind, the synchronism of
the flowering of the donor and the recipient, and the presence of a buffer zone
between them on the frequency of crossing of different maize lines in mixed crops.

Materials and methods. The experimental maize plants of the lines
Korichnevyi marker (KM), GPL-1, Zarodyshevyi marker Saratovskii Purpurnyi
(ZMS-P), Purpurnaya Saratovskaya (PS), as well as hybrids Purpurnyi (GP), of
the selection of the Saratov State University named after N.G. Chernishevsky,
as well as hybrids Raduga and Tester 3 of the selection of the Russian Research
and Design Institute of Sorghum and Maize (RosNIISK "Rossorgo"), were
grown in 2018-2019 on the experimental field of RosNIISK "Rossorgo" (Zonalny
settlement, Saratov District, Saratov Region).

In 2018, the pollen donors were the Purpurnyi (GP) hybrid and the



Zarodyshevyi marker Saratovskii Purpurnyi (ZMS-P) line. GP was obtained by
crossing the Purpurnaya Saratovskaya (PS) line and the Raduga hybrid and sub-
sequently self-pollinated for several years (Gutorova, personal communication).

The planting density was 7-10 plants per 1 m2. GP and ZMS-P were
planted on an area of 3X80 m. Between the pollen donor areas, maize of the
Korichnevyi marker (KM) and GPL-1 lines was planted, forming a buffer zone,
and the areas with recipient lines were located around them (hybrids Raduga and
Tester 3) with yellow caryopses, with a total area of 1290 m2. In September 2018,
5-12 ears of each recipient line were taken, photographed in two projections, all
caryopses were separated from the ear and analyzed. The frequency of cross-pol-
lination was calculated on the ears of the recipient lines, calculating the ratio of
the number of purple (the result of pollination with GP) or yellow grains with a
purple spot (the result of pollination with the ZMS-P line) to the total number of
grains in the recipient lines.

In the 2019 experiment, the inbred line Purpurnaya Saratovskaya, created
on the basis of the American line, served as a pollen donor. The PS line was
planted on an area of 3x5 m, around which a buffer zone was created with the
sowing of Sudanese grass Allegory Sorghum x drum-mondii (Steud.) Millsp. &
Chase, 3 m wide to the eastern and western directions and 15 m long to the
southwest and northeast directions. Yellow grain maize of the Raduga hybrid was
planted around the buffer zone. The calculation of the distances from the corners
of the rectangular area of the donor to the corners of the rectangular plots of the
recipient (near and far points) A5, A6, A10, All and F5, F6, F10, F11 was con-
ducted by calculating the hypotenuses. The distances to the near and far points
from the corresponding corner of the rectangular pollen donor site to the recipient
plots A6, All, F6, F11 were 6 and 12 m, to the A5, A12, F5, F12 plots 10 and
16 m. The frequency of crossings was calculated as the ratio of the number of
purple grains to the total number of grains on the ears of the Raduga hybrid. In
September 2019, the authors collected all the ears on each plot of the recipient
line and counted the total number of ears on the plot and the total number of
grains from the ears. The average number of grains per ear was calculated by
dividing the total number of grains per plot by the number of ears.

The total number of harvested and analyzed grains in 2018 was 17,409
pieces, in 2019 201,284 pieces.

The statistical processing was carried out in Microsoft Excel 2010 using a
statistics package. The arithmetic means (4M) and standard deviations (xSD) were
calculated. The significance of differences was determined using Student's z-test
(p < 0.05). In the 2018 experiment, each arithmetic mean was obtained on the
basis of 5-12 repetitions. In 2019, for each distance, 5 repetitions (plots) were
used, in each of which from 3 to 17 ears were analyzed.

Results. The layout of experimental maize crops on the experimental field
of RosNIISK Rossorgo in both years of research is shown in Figure 1.

In 2018, the pollen donors were the Purpurnyi (GP) hybrid and the
Zarodyshevyi marker Saratovskii Purpurnyi (ZMS-P) line. GP is tall-growing
(2.0-2.5 m), has a dominant purple (anthocyanin) color of the stem, leaves, and
grains. The genetically marked line of maize ZMS-P [30] has a purple coloration
of vegetative parts of the plant, panicles, embryo, and endosperm; it is shorter
(1.5 m) in comparison with GP and is mid-late ripening. The R-g gene provides
the purple color of the aleurone layer of the endosperm and the embryo. When
ZMS-P was crossed with yellow-grain recipient lines, hybrid caryopses had endo-
sperm stained with a purple spot. In the 2019 experiment, the inbred line Pur-
purnaya Saratovskaya (PS), created on the basis of the American line Purple
Tester [31] and the early-ripening line of the Saratov selection GPL-1, served as



a pollen donor. The mid-ripening tall-growing (1.8 m) line PS has a purple (an-
thocyanin) coloration of grain, leaves, and stem, determined by the dominant
genes AI, A2, B, Pl, Pr, R-g, C. In particular, the R-g gene controls the purple
coloration of grain aleurone [32].

. Saratov

A

Volga river

Fig. 1. The location of the experimental maize crops, where the risk of cross-pollination was assessed
when growing genetically modified (GM) plants (https://yandex.ru/maps/194/saratov). The wind rose
during the flowering period is given according to http://weatherarchive.ru. The orientation of the
map (cardinal points) is indicated on the wind rose diagram.

A — the location of the experimental fields in 2018-2019 (Zonalny settlement) in relation
to the city of Saratov and the Volga River.

B — general view of the experimental fields in 2018-2019.

C — the scheme of maize planting in the experimental field in 2018: green color corresponds
to hybrid Purpurnyi (GP, pollen donor), yellow color to Zarodyshevyi marker Saratovskii Purpurnyi
line (pollen donor); red color to hybrid Raduga (pollen recipient, 10 m from the GP to the east),
turquoise color to hybrid Raduga (pollen recipient, 40 m from the GP to the west), brown color to
hybrid Raduga (pollen recipient, 1-4 m from the GP to the north), gray color to hybrid Tester 3
(pollen recipient, 20 m from GP to the west), blue color t0 GPL-1 line, and pink color to Korichnevyi
marker line.

D — planting scheme on the experimental field (2019): purple color corresponds to Pur-
purnaya Saratovskaya line (pollen donor, 30 m2), gray color to buffer zone with the sowing of Suda-
nese grass of the Allegory variety (330 m?), and yellow color to hybrid Raduga (pollen recipient).

In 2018, there was no rain during the maize flowering period, and the air
humidity during the release of pollen from the anthers varied from 75% in the
morning hours to 36% in the afternoon. The maximum wind speed during the
flowering period was 5.7 m/s (July 31), the average wind speed was 3.1 m/s. The
wind direction until August 1 was predominantly northeastern, from August 2,
predominantly north and northwest (see Fig. 1, C). The temperature during the
flowering period of maize in the morning hours ranged within 16-22 °C, in the
daytime within 22-29 °C.



In 2019, it only rained on July 26 during the study period. The relative
humidity in the flowering period during the release of pollen from the anthers
fluctuated from 38 to 77%. The main wind direction was northwest, but in the
period from 25 to 27 July, it was northeast (see Fig. 1, D). In the morning hours,
the temperature ranged from 14-21 °C, the daytime temperature was 18-30 °C.

It is known that the distribution of pollen is influenced by temperature,
air humidity, precipitation, viability, the total volume of pollen, wind flows, land-
scape profile, the configuration of the recipient field, and simultaneous flowering
of paternal and maternal plants [12, 33]. However, there is no data on how the
height of the pollen donor and the angle of arrangement of the leaves of the
recipient affect the frequency of cross-pollination.

The viability of pollen, or the ability of pollen to germinate through the
pistil filaments into the embryo sac, is an important prerequisite for cross-pollina-
tion. The duration of the viability of maize pollen (from 1 to 24 h) is influenced
by humidity and temperature [34, 35]. As a rule, pollen spills out from the anthers
in dry hot conditions, mainly from morning to noon [16, 36]. The flowering of
maize pollen donor lines in the Saratov Region in 2018 continued from July 25
to August 5. Air temperature and humidity during this period were favorable for
pollination.

The distance to which the pollen
will spread after being ejected from the
anthers largely depends on the wind
speed. During the period of experiments
in 2018, the wind speed in the morning
and afternoon was 2.4-5.7 m/s, and if the
viability of the pollen was maintained for
1 hour, it could spread over 14 km. How-
ever, since maize pollen is rather large
(average diameter 90 um) and relatively
heavy (0.25 pg), its sedimentation rate is
high and, in real field conditions, pollen
is spread relatively close [17, 39]. In 90-
93% of all pollen from the donor line

) . ZMS-P, its size was 120-140 um and dif-
Fig. 2. The appearance of maize ears (Zea mays . .
L.) obtained as a result of free crossing between fered little from the size of pollen from
pollen donors (hybrid Purpurnyi GP, Zarodyshevyi other lines of diploid maize of the Sara-
marker tsl*}fatOG";lii lpyerf“sgﬁefxsdgé 2(‘)'13de)1;6 tov selection [37], that is, this trait prob-
rNeﬁglf(n Rlonszorgo, Zona{)ny settlement, Saratov ably did not affect the distribution of
District, Saratov Province, 2018). The purple pollen.
sppts on yellow grair}s are the result of pollination In hot and dry conditions of the
with the ZMS-P line, the completely colored . .
purple grain results from pollination by the hy- Saratov R.eglo.n m 2_018’ the frequency of
brid Purpurnyi GP. cross-pollination with pollen from donor

lines ranged from 0.1 to 13.2% for differ-

ent recipient lines (Table 1). The maximum frequency of cross-pollination was
observed for the lines KM and GPL-1 located in close proximity to pollen donors:
13.2% for KM when pollinated with Purpurnyi hybrid pollen and 10.5% for GPL-
1 when pollinated with ZMS-P pollen. The appearance of maize ears obtained as
a result of cross-pollination is shown in Fig. 2.

The frequency of crosses in the Raduga hybrid at a distance of 10 m was
3 times less (0.3%) (p < 0.05) than at a distance of 1-4 m when pollinated with
GP pollen (0.9%) (p < 0.05), whereas when pollinated with ZMS-P pollen at the

Cross-pollination with ZMS-P




same distance, the indicator was 0.05% (p < 0.05) and was 4 times less than at a
distance of 1-4 m (0.2%) (p < 0.05). At a distance of 40 m from the GP, the
crossing frequency decreased 11 times and amounted to 0.08% (p < 0.05), and we
did not find plants pollinated with pollen from the ZMS-P line. Interestingly, in
the Raduga hybrid, even at a close distance, the content of purple grains in the
mass of yellow ones in the progeny practically did not exceed the threshold of
0.9% of the presence of GM products in food (harvest) accepted in the countries
of the European Union and Russia.

In the work conducted in the conditions of the Krasnodar Territory [22],
the question remained unclear, at what distance it is possible to grow GM and
non-GM maize in order not to exceed the permissible content of GM product in
Russia in the total grain yield. If it is taken into account that the total grain yield
may contain 0.9% of the GM product, then the distance of 200 m, indicated by
the author to prevent cross-pollination of maize, would be significantly reduced.

1. Frequency of purple grain occurrence in the progeny of yellow grain recipient lines
of maize (Zea mays L.) with free pollination (AM+SD, experimental field of Ros-
NIISK Rossorgo, Zonalny settlement, Saratov District, Saratov Province, 2018)

Recipient | A | B | C | D | E | F
KM 1-4 m, east 07/24-08/06  332+93.0 44.3+£20.90 3.3£2.90 13.2/1.0
GPL-1 1-4 m, east 07/16-07/26  175192.0 6.0£5.60 18.4+15.00 3.4/10.5
Raduga 1-4 m, north  07/23-08/01  539%206.0 5.0£3.20 1.3£1.50 0.9/0.2
Raduga 10 m, east 07/23-08/01  378+185.0 0.7£0.60 0.2+0.20 0.3/0.1
Raduga 40 m, west  07/23-08/01 506+213.0 0.4%0.40 0.0 0.1/0.0
Tester 3 20 m, west  07/24-08/01  590+70.0 1.0£0.80 0.0 0.2/0.0

Note. A — distance and direction from pollen donors; B — flowering period of recipient lines; C — the average
number of all grains per 1 ear, pcs; D — the number of purple grains from the GP per 1 ear, pcs; E — the number
of purple grains from ZMS-P per 1 ear, pcs; F — the proportion of purple grains by GP/ZMS-P donors, %. GP —
hybrid Purpurnyi (donor), ZMS-P — Zarodyshevyi marker Saratovskii Purpurnyi line (donor). The flowering period
of the GP is from July 25 to August 5, ZMS-P from July 21 to August 7. The location of the experimental plots is
shown in Figure 1.

In our experiments under the conditions of the Lower Volga region, the
permissible proportion of crossings (0.9%) was observed for the tall-growing re-
cipient Raduga even at a distance of 1-4 m from the donor (Table 1). The study
conducted in 2000-2003 in 15 counties of England also showed a rapid decrease
in the rate of cross-pollination in the first 20 m from the donor crop [38, 39].
In the experiments with maize in Mexico, the highest values of crosses were
observed near the pollen source (12.9% at a distance of 1 m). The degree of
crossing dropped sharply to 4.6, 2.7, 1.4, 1.0, 0.9, and 0.5% as the distance
from the pollen source increased to 2, 4, 8, 12, 16, 20, and 25 m, respectively.
At a distance of more than 20 m, the crossing frequency at all points was 0.9%
(p < 0.05) and below [19].

In the dry summer of 2018, for the Tester 3 hybrid at a distance of 20 m
to the west from the GP donor, the percentage of crosses was 0.2% (p < 0.05),
which was significantly lower than the threshold value (see Table 1). It is in-
teresting to note that approximately the same frequency of crossings (0.3%)
(p < 0.05) occurred at a 10 m distance from the GP in the Raduga hybrid, but
in the eastward direction, from where the winds mainly blew during flowering
(see Table 1).

The effectiveness of the crossing depends on the simultaneous release of
pollen from the anthers of the donor and the appearance of pistil filaments in
the recipient [16, 40]. According to the literature, asynchronous flowering led to
a decrease in the frequency of pollination in the recipient with a difference of
4-5 days by 25%, 6 days by 50% [34, 41]. The authors also observed a 4-fold
decrease in the proportion of cross-pollination in the GPL-1 line (the difference



at the beginning of flowering is 9 days with GP) compared to the KM line with
a closer (1 day difference) flowering period. At the same time, the frequency of
cross-pollination in the recipient line GPL-1 (early flowering) and donor ZMS-
P (mid-flowering) increased by 10 times compared with KM (recipient) and
ZMS-P (donor) (see Table 1).

The height of pollen donor plants averaged 2.0-2.5 m for the Purpurnyi
hybrid, 1.8 m for the PS line, and 1.5 m for ZMS-P. In 2018, the number of
purple grains after pollination with GP in recipient lines was the maximum for
the forms in close proximity and decreased with distancing. For the pollen donor
ZMS-P, the percentage of crossings with recipient lines fell strongly in the north
and north-east directions, and for the Raduga and Tester 3 recipient lines located
in the west and southwest (see Fig. 1, C), cross-pollination from the ZMS-P
line was not observed at all. Possibly, this is due to the fact that the tall-growing
GP donor prevented the spread of pollen of the low-growing donor of the ZMS-
P line in these directions. It can be noted that in ZMS-P, already at a distance
of 1-4 m, the frequency of crossings with the tall-growing recipient Raduga was
less than 0.9% (p < 0.05), and with the short-growing KM line slightly exceeded
this value (see Table 1).

One of the possible factors limiting the flow of maize pollen is a buffer
zone between the donor and the recipient in the form of an area not sown or
sown with another plant. In 2019, the authors conducted an experiment to create
a buffer zone with the sowing of the Sudanese grass Allegory, which is less tall
than the donor. The maximum proportion (1.7-2.1%) (p < 0.05) of purple grains
in the recipient (Raduga hybrid) pollinated by the PS donor was observed in the
directions to the west (blocks 7A-12A) and east (blocks 7F-12F) with a buffer
zone 3 m wide from the pollen donor (see Fig. 1, D, Table 2). For the south-
western direction, with a buffer zone width of 15 m, the percentage of crosses
(0.9%) (p < 0.05) did not exceed the permissible threshold (blocks 13A-13F, see
Fig. 1, D).

2. The frequency of occurrence of purple grains in the progeny of the yellow grain
maize (Zea mays L.) hybrid Raduga with free pollination by the donor of the line
Purpurnaya Saratovskaya (AM=*SD, experimental field of RosNIISK Rossorgo,
Zonalny settlement, Saratov District, Saratov Province, 2019)

No. of Direction and distance Number of |Average number of yellow Proportion of pur-

row, plot | from the pollen donor, m |ears, pcs. and purple grains per ear, pcs.| ple grains, %
1A-1E 30-35 m, northeast 14 288.0+82.31/0.00 0.0
2A-2E 25-30 m, northeast 17 159.0+37.04/0.5+1.36 0.3
3A-3E 20-25 m, northeast 42 226.0+85.60/0.2+0.42 0.1
4A-4E 15-20 m, northeast 49 234.0+84.35/0.1£0.11 0.1
SA, 12A 10-16 m, west 26 419.0+29.63/1.2+0.62 0.3
6A, 11A 6-12 m, west 16 368.0+70.00/1.5+0.12 0.4
7A-10A 3-6 m, west 41 520.0+£84.21/10.5+9.32 2.1
7E-10E 3-6 m, east 37 303.0+£40.53/4.8+4.85 1.7
6E, 11E 6-12 m, east 28 303.0+£7.02/0.9£+1.13 0.3
SE, 12E 10-16 m, east 18 302.0+68.54/2.0+1.91 0.7
13A-13E 15-20 m, southwest 59 406.0+53.73/3.4+0.81 0.9
14A-14E 20-25 m, southwest 63 360.0+79.54/1.1+0.52 0.3
15A-15E 25-30 m, southwest 89 443.016.31/0.710.50 0.2

N o te. The flowering period of the pollen donor and recipient is July 20-31. The location of the experimental plots
is shown in Figure 1.

The maximum crossing frequency corresponded to the prevailing wind
direction (see Fig. 1, D). With a buffer zone width of 3 m, the authors observed
a significant excess of the permissible threshold of 0.9% (p < 0.05) for purple-
colored caryopses in the harvest collected on plots 7A-10A and 7F-10F, which
stood 0-3 m from the buffer zone (see Table 2). At distances farther from the
donor (6-16 m), the proportion of crosses was within 0.3-0.7% (p < 0.05) in
both directions. With a buffer zone width of 15 m at a distance of 15-20 m in



the southwestern direction from the donor, the Raduga hybrid had 0.9% (p <
0.05) purple grains in the ears, which even taking into account the coinciding
wind direction did not exceed the permissible threshold (see Table 2).

It should be noted that the Raduga hybrid in the experiments of 2018-2019
showed a relatively low frequency of crosses (see Tables 1, 2). Recipient maize,
especially tall-growing maize, itself serves as a barrier to the spread of donor pollen.
Perhaps due to this, with a solid planting in 2018, the distribution of GP pollen was
within the normal range already at a distance of 10 m from the donor, and in the
presence of a buffer zone sown with a low-growing plant, in 2019 a threshold of
0.9% was recorded at a distance of 15 m. In the works of other researchers, it is also
indicated that buffer zones with rupture plants, in contrast to barriers with tall-
growing plants, do not lead to a decrease in safe distances [23]. Taking into account
our findings, in the conditions of southeastern Russia, in order to eliminate the risks
of cross-pollination of maize, it is possible to recommend a minimum isolation
distance of 15 m in the presence of buffer (non-sown) zones.

Thus, under the conditions of the southeast of Russia, in order to exclude
cross-pollination of maize above 0.9%, an isolating distance of 15 m or more can
be recommended. In two independent experiments (2018 and 2019), it was found
that at a distance of 10 and 15 m, respectively, from the pollen donor, the crossing
frequency remained within the permissible norm, regardless of the recipient line,
flowering time, and wind direction. At the same time, the synchronicity of flowering
of donors and recipients of pollen had a significant effect on the frequency of cross-
ings. In particular, under the conditions of 2018, in the recipient line GPL-1 (the
difference at the beginning of flowering is 9 days with the donor hybrid Purpurnyi),
the frequency of cross-pollination was 4 times less than in the Korichnevyi marker
line with a period of flowering, which is closer to the donor. It was established that
a tall-growing pollen donor, the Purpurnyi hybrid had an advantage in the spread
of pollen as compared to the short-growing Zarodyshevyi marker Saratovskii Pur-
purnyi donor.
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