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WIND DEPENDENT DISPERSION PATTERN

CLASSIFICATION IN THE POLLINATION OF

GENETICALLY MODIFIED MAIZE

Woo Kang Seo, Tae Keuk Kim, Min Seong Heo, Dong-Su Kim
and Hong Sung Jin∗

Abstract. Extended elementary cellular automata (EECA) is used
to analyze the pattern of genetically modified (GM) gene dispersion
to wild genes. Pollination of GM maize mainly occurs by wind.
Wind direction was set to two directions left to right and up to
down on the cells. Sixteen cases were analyzed to show six kinds of
classes of pattern for sixteen iterations. Wind directions were fixed
for the simulations to see the effect of the GM maize dispersion by
the wind.

1. Introduction

Crops with genetically modified (GM) genes have better resilience to
herbicides and insects, and research and production have been under
way for decades to increase the yield of crops. GM crops have a great
advantage in terms of securing supply stability through mass production,
but recently there has been serious concern about the cultivation of GM
crops due to damage to biodiversity and the emergence of insect pests
with unexpected resistance. GM crops have dominant genes compared
to wild-type crops, and organic crops are frequently contaminated with
GM genes due to unintended contact. Gene transfer between plants
can be a greater inhibitory problem than unwanted insecticides because
the gene is reproduced in the recipient plant [5]. Studies have shown
that crop-to-crop and crop-to-wild gene flow is surprisingly widespread
[2,4,7]. A typical example is the outcrossing of GM and wild maize [1,9].
The vast majority of GM maize is grown to feed livestock, cooking oil
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and produce ethanol fuel. The pollen of maize is transported by wind
so that the contamination is inevitable. Even though the wind direction
changes with time scales of minute to hour, the mean flow direction is
important to understand the flow dependent dispersion processes.

Cellular automata (CA) provide a potential modeling and simulation
framework for representing relationships and interspecies interactions
both temporally and spatially [6,11]. CA rules relating to phenomena
such as seed dispersal, clonal expansion and interactions with adjacent
plants can be used to simulate the spatial processes of vegetation [3].
CA is also used for the migration modeling in ecosystem [8].

Elementary cellular automata (ECA) is one dimensional CA. The
relations of three consecutive cells make rules to determine the state of
a cell in the next generation [10]. In this paper ECA rules were extended
to two dimensional rules. We denote the extended elementary cellular
automata as EECA. The role of right cell in ECA is changed to upper
one. Then the rules in ECA is applied to the three cells of left, center,
and upper in 2-dimensional cells. EECA is used to classify and analyze
the pattern of GM gene dispersion to wild genes

2. Mathematical Model

2.1. Notaion

Lets denote t as time index and (i,j) as space index. Then the relation
of neighbors in EECA can be expressed as {At

i,j−1, A
t
i,j , A

t
i−1,j}=> At+1

i,j .
Figure 1 shows the direction of wind or flow for the current states in-
volving the next state of center cell. The wind direction from upper cell
to down cell is named upper wind while from left to right is named left
wind. The relation of three cells of current state, center(C), upper(U)
and left(L) cell decide the center cell of the next state depending on
the rules in ECA. Lets denote {L,C,U,{c}} as the relation of three cells
{L,C,U} and next generation of center cell {c}. And denoting GM gene
as 1 and wild gene as 0. To simulate the contamination of wild maize by
GM maize we make a scenario of rules. The current states can have eight
cases such as {{1,1,1}, {1,1,0}, {1,0,1}, {1,0,0}, {0,1,1}, {0,1,0}, {0,0,1},
{0,0,0}}.The state of center cell at next generation can be 1 or 0. Hence
there are 256 rules to consider which depend on the modeling scenario
and assumptions. As an example the rules 60 in ECA can be expressed
as a set {{1,1,1,{0}}, {1,1,0,{0}}, {1,0,1,{1}}, {1,0,0,{1}}, {0,1,1,{1}},
{0,1,0,{1}}, {0,0,1,{0}}, {0,0,0,{0}}. Combining center cells {c} of the



Wind dependent dispersion pattern of genetically modified maize 839

Figure 1. Simple directional cellular automata EECA.
The relations of current state and the next state makes
the rule. The case {1,1,1,{0}} means that three current
cells of GM gene makes the center cell wild at the next
generation. The arrow shows the wind direction.

next generation from each element we can make a set {0,0,1,1,1,1,0,0}
which is the binary form of 60 denoting rule 60.

2.2. Assumptions and scenarios

assumption 1 : The cases of pollination of GM gene to GM gene i.e.
{1,1,1,{0}} and wild gene to wild gene i.e. {0,0,0,{0}}. Male sterility is a
very useful trait for hybrid vigor utilization and hybrid seed production
[9]. GM maize is usually designed to protect the unwanted pollination
for the profit of GM maize making company. The pollination from GM
gene to GM gene fertilize the GM gene, so that it gives the chance wild
gene to settle at next generation. Hence if the current state is {1,1,1}
then next generation of center cell is {0}. Because any GM gene is
not related in the current state {0,0,0}, the current state {0,0,0} makes
{0} in the next generation. Both are homogeneous cases. Hence if the
current state is {1,1,1} or {0,0,0} then next generation of center cell is
{0}.

assumption 2 : The cases of pollination of GM gene to wild gene
i.e. {1,0,1,{1}} and wild gene to GM gene i.e. {0,1,0,{1}}. Since GMO
(genetically modified organism) usually has dominant gene, the next
generation at the center cell goes to GMO because GM gene and wild
gene come across in both case. If the current state is {1,0,1} or {0,1,0},
the center cell at the next generation is {1}. Hereto the four cases are
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fixed such as {{1,1,1,{0}}, {1,0,1,{1}}, {0,1,0,{1}}, {0,0,0,{0}}.
assumption 3 : The cases of pollination of GM gene to GM gene or

wild gene to GM gene i.e. {{1,1,0,{0 or 1}}, GM gene to wild gene or wild
gene to wild gene i.e. {1,0,0,{0 or 1}}, wild gene to GM gene or GM gene
to GM gene i.e. {0,1,1,{0 or 1}} and wild gene to wild gene or GM gene
to wild gene i.e. {0,0,1,{0 or 1}}}. We have four cases left to consider
{1,1,0}, {1,0,0}, {0,1,1},and {0,0,1}. When the center cell and left of
current state is GM maize and upper cell is wild, {L,C,U}={1,1,0}, the
center cell of the next generation can be GM maize or wild,{c}={0,1}.
Similarly for the combination of current cell of {1,0,0}, {0,1,1}, and
{0,0,1} the next generation of center can have two possible choices of 0
or 1, depending on the wind direction. The cases are {{1,1,0,{0 or 1}},
{1,0,0,{0 or 1}}, {0,1,1,{0 or 1}}, {0,0,1,{0 or 1}}}. Gathering the cells
of next generation makes sixteen cases with {{0 or 1}, {0 or 1}, {0 or
1}, {0 or 1}. The following sixteen cases {{1,1,1,{0 or 1}}, {1,1,0,{0}},
{1,0,1,{1}}, {1,0,0,{0 or1}}, {0,1,1,{0 or 1}}, {0,1,0,{1}}, {0,0,1,{0 or
1}}, {0,0,0,{0}}} makes sixteen rules in table 1.

The cases of center cell of next generation Rule
{0, 0, 1, 0, 0, 1, 0, 0} 36
{0, 0, 1, 0, 0, 1, 1, 0} 38
{0, 0, 1, 0, 1, 1, 0, 0} 44
{0, 0, 1, 0, 1, 1, 1, 0} 46
{0, 0, 1, 1, 0, 1, 0, 0} 52
{0, 0, 1, 1, 0, 1, 1, 0} 54
{0, 0, 1, 1, 1, 1, 0, 0} 60
{0, 0, 1, 1, 1, 1, 1 ,0} 62
{1, 0, 1, 0, 0, 1, 0, 0} 100
{1, 0, 1, 0, 0, 1, 1, 0} 102
{1, 0, 1, 0, 1, 1, 0, 0} 108
{1, 0, 1, 0, 1, 1, 1, 0} 110
{1, 0, 1, 1, 0, 1, 0, 0} 116
{1, 0, 1, 1, 0, 1, 1, 0} 118
{1, 0, 1, 1, 1, 1, 0, 0} 124
{1, 0, 1, 1, 1, 1, 1, 0} 126

Table 1. Rules from the scenario of the pollination of
GM gene and wild gene, denoted by 1 and 0

Simulations have been done on the plate consisting of 20 by 20 lattice
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points. GM gene contamination patterns were examined by repeating
16 times without additional influx of GM gene flow, which makes 16
states for each rules.

2.3. Results and interpretation

Each rule is applied for 16 generations by means of 16 iterations in
simulation. After 16 iterations from the first seed at the point (2, 2), we
have the following patterns. In the figures the number above the plate
represents the rule number and nz at the bottom of each panel is the
number of non-zero points. The sixteen panels in Figure 3 are distribu-
tion of the GM maize after each iteration and ordered by row direction.

(i) No dispersion

Figure 2. The initial point is (2, 2). After 16th itera-
tion the GM maize stays at (2, 2). There is no dispersion.

When the rules include both cases,{1,0,0,{0}} and {0,0,1,{0}}, there is
no dispersion as in figure 2. Two wild neighbor genes makes wild, which
means wild is dominant. But in general GMO is dominant so that this
case is hard to see. It is the cases of rules 36, 44, 100, and 108.

(ii) Periodic dispersion in one dimensional direction
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Figure 3. 2n−1 periodic column directional dispersion
for the rule 38 and 102. In case of rule 52 and 60 the row
directional dispersion with same pattern.

If one of cases, {1,0,0,{1}} or {0,0,1,{1}} is satisfied, the dispersion
begins periodically to one dimensional direction. The case {0,0,1,{1}}
with {1,1,0,{0}} or with {1,1,0,{1}} makes the southward dispersion
while the case {1,0,0,{1}} with {0,1,1,{0}} or with {0,1,1,{1}} to the
east. The former is the case of rule 38 and 102 and the latter is of rule
52 and 60. This is the wind direction dependent cases. If the northerly
wind is strong, the relation {0,0,1,{1}} dominates making the southward
dispersion as in Figure 3.

(iii) One dimensional dispersion by step by step

In this case the dispersion shows one dimensional as before but more
steadily, every step increasing by one as in figure 4. Two relations
{0,0,1,{1}} and {0,1,1,{1}} with {1,1,0,{0}} or with {1,1,0,{1}} make
column directional dispersion, which are the cases of rule 46 and 110.
The relations {1,0,0,{1}} and {1,1,0,{1}} with {0,1,1,{0}} or with {0,1,1,
{1}} make row directional dispersion, which are the cases of rule 116 and
124. However the condition {0,0,1,{1}} and {0,1,1,{1}} is hard to ex-
pect because the pollination of GM gene to GM gene fertilize the GM
gene so that the current cell of {0,1,1} makes {0} at the next generation.
Hence this pattern is not usual.
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Figure 4. When rule number 46 and 110 are used, the
GM maize disperses to the south one cell at each iter-
ation. When rule number 116 and 124 are used, the
eastward dispersion occurs with the same pattern.

(iv) Periodic fractal triangle

Figure 5. 2n−1 periodic fractal triangle , it has 2n num-
ber of points on the hypotenuse of fractal triangle for rule
62. The pattern for the rule 118 is just transpose of the
rule 62.
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The southeastward dispersion of the GM maize makes triangle shape
(Figure 5). For the n iteration the 2n numbers of points on the hy-
potenuse of triangle are GM maize points. The lattice inside the tri-
angle shows fractal dispersion pattern depending on the rules. The set
{1,0,0,{1}} and {0,0,1,{1}} with {0,1,1,{1}} or with {1,1,0,{1}} are rules
62 or 118.

This is the case that dominant wind is from upper and left at the
same time. The direction looks like the vector sum of upper and left
wind.

(v) Alternating diagonal line pattern.

Figure 6. For rule 54 the diagonal line is dispersing
pattern with kind of periodic.

Dispersion of the GM maize by rule 54 results in a diagonal spreading
pattern. Alternative or periodic hypotenuse lines are formed by the two
dimensional dispersion (Figure 6). The line is made by connecting the
points of rule 38 and rule 52. This is the combined case of rule 38 and
rule 52.

(vi) Triangle wave motion
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Figure 7. The pattern of dispersion proceed diagonally
like a wave propagation.

It consists of all GM gene contamination cases {1,0,0,{1}}, {0,0,1,{1}},
{1,1,0,{1}} and {0,0,1,{1}}. If there are any chance to contact possibil-
ity of GM and wild gene, it makes GM gene. The GM genes disperse
to diagonal direction making triangle. Inside of the triangle, the lattices
were covered by GM and wild gene alternatively. However the number
of GM maize lattice is much bigger than that of wild. Figure 7 shows
this pattern. Table 2 shows the dispersion pattern depends on the rules
36, 38, 44, 46, 52, 54, 60, 62, 100, 102, 108, 110, 116, 118, 124 and 126.

3. Conclusions

Sixteen cases of wind dependent dispersion are classified by six groups.
Each group shows its own dispersion pattern.

• There is no dispersion for the rules 36, 44, 100, 108. Those have
common relation that two wild neighbor makes wild, which means wild
is dominant. But in general GM maize is dominant so that this case is
hard to see.

• Rule 38, 52, 60, 102 are the case of wind direction dependent very
strongly, so that column or row direction. West wind or north wind are
examples. It is the one dimensional periodic dispersion.
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Rule
The cases with two possibilities for
the next generation of center cell

Dispersion

{1,1,0} {1,0,0} {0,1,1} {0,0,1}
36 0 0 0 0 No
44 0 0 1 0 No
100 1 0 0 0 No
108 1 0 1 0 No
38 0 0 0 1 One direction
102 1 0 0 1 Periodically
52 0 1 0 0 Alternatively
60 0 1 1 0
46 0 0 1 1 One direction
110 1 0 1 1 Continuously
116 1 1 0 0 by one step
124 1 1 1 0
62 0 1 1 1 Two dimensional
118 1 1 0 1 Triangle fractal

54 0 1 0 1
Two dimensional

Line diagonal

126 1 1 1 1
Two dimensional

Wave pattern

Table 2. The classification of dispersion is summarized
for sixteen cases.

• Rule 46, 110, 116, 124 is another one dimensional dispersion with
continuous linear increasing.

• Two direction is combined in rule 62, 118. The direction looks
like the vector sum of upper and left wind such as northwesterly wind.
These rules make dispersion

• Rule 54 is the combination of rule 38 and rule 52. It is another
two dimensional dispersion. It shows line diagonal dispersion.

• Rule 126 consists of all cases that have wild and GM maize to-
gether in three cells. It shows two dimensional dispersion, too. The
pattern looks like propagation of wave.
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4. Discussion

In the real world the wind direction changes every hour so that the
pollination can be made in various directions. However in the westerly
wind zone the mean direction can be expressed as a vector sum of west
and south wind direction. The pollination of maize usually occurs for
two months. We assume that the mean direction of wind be fixed for
the short period.

The directional wind dependent pollination of GM to wild gene may
have a stochastic behavior. Nevertheless the deterministic pattern anal-
ysis gives us chance to understand the basic scheme of GM gene con-
tamination.

The initial value was fixed as one point, the random initial value can
make the dispersion pattern complex but the basic pattern is important
to understand the real cases. The size of cell can be modified to any
scale.

The analysis can be used many other filed of flow dependent phenom-
ena. In the real world the machine learning can be applied to predict the
effect of GM gene contamination based on the flow dependent pattern
analysis.

Acknowledgements

We are grateful to the referee for helpful and thoughtful comments
on this paper.

This research was supported by the basic research program through
the National Research Foundation of Korea (NRF) funded by the Min-
istry of Education (NRF-2017R1D1A3B03032381), Republic of Korea.

References

[1] F. Angevin, E.K. Klein, C. Choimet, A. Gauffreteau, C. Lavigne, A. Messean
and J.M. Meynard, Modelling impacts of cropping systems and climate on maize
cross-pollination in agricultural landscapes, Europ. J. Agronomy, 28 (2008), 471-
484.

[2] P.E. Arriola and N.C. Ellstrand, Crop-to-weed gene flow in the genus
Sorghum(Poaceae): spontaneous interspecific hybridization between john-
songrass, Sorghum halepense, and crop sorghum, S. bicolor. Am. J. Bot 83 (1996),
1153-1160.

[3] R.L. Colasanti and J.P. Grime, Resource dynamics and vegetation processes: A
deterministic model using two-dimensional cellular automata., Functional Ecol-
ogy, 7(2) (1993), 169-176.



848 W.K. Seo, T.K. Kim, M.S. Heo, D.-S. Kim and H.S. Jin

[4] N.C. Ellstrand, H.C. Prentice and J. F. Hancock, Gene flow and introgression
from domesticated plants into their wild relatives, A. Rev. Ecol. Syst. 30 (1999),
539-563.

[5] N.C. Ellstrand, When transgenes wander, should we worry?, Plant Physiol. 125
(2001), 1543-1545.

[6] V. Guinot, Modelling using stochastic, finite state cellular automata: Rule infer-
ence from continuum models, Applied Mathematical Modelling 26 (2002), 701-
714.

[7] N.A. Linacre and P.K. Ades, Estimating isolation distances for genetically mod-
ified trees in plantation forestry, Ecological Modelling 179 (2004), 247-257.

[8] T. Nagatani and K. Tainaka, Cellular automaton for migration in ecosystem:
Application of traffic model to a predatorprey system, Physica A 490 (2018),
803-807.

[9] X. Wan, S. Wu, Z. Li, Z. Dong, X. An, B. Ma, Y. Tian and J. Li, Maize Genic
Male-Sterility Genes and Their Applications in Hybrid Breeding: Progress and
Perspectives, Molecular Plant 12 (2019), 321-341.

[10] S. Wolfram, A New Kind of Science, Wolfram Media, Inc., Champaign IL.
(2002).

[11] J. Yang, Z.R. Wang, D.L. Yang, Q. Yang, J. Yan and M.F. He, Ecological risk
assessment of genetically modified crops based on cellular automata modeling,
Biotechnology Advances 27 (2009), 1132-1136.

Woo Kang Seo
Department of Mathematics, Chonnam National University,
Gwangju 61186, Korea.
E-mail: seo955@naver.com

Tae Keuk Kim
Department of Mathematics, Chonnam National University,
Gwangju 61186, Korea.
E-mail: ktg5406@naver.com

Min Seong Heo
Department of Mathematics, Chonnam National University,
Gwangju 61186, Korea.
E-mail: gjrhkdgns456@gmail.com

Dong-Su Kim
Department of Mathematics, Chonnam National University,
Gwangju 61186, Korea.
E-mail: dosokim@jnu.ac.kr



Wind dependent dispersion pattern of genetically modified maize 849

Hong Sung Jin
Department of Mathematics, Chonnam National University,
Gwangju 61186, Korea.
E-mail: hjin@jnu.ac.kr


