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Gene flow scenarios with transgenic maize in Mexico
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Maize diversity is widespread in Mexico and it has been stewarded by campesinos in small communities until
the present. With the arrival of transgenic maize, the objective of this study is to analyze possible scenarios that
could result if genetically modified maize were not regulated and openly available in Mexico. By applying a
simple logistic model based on the conditions of maize production in Mexico, the dispersion of transgenic maize
in different situations within fields of farmers is described. In traditional open systems of freely exchanged seed
within communities it is concluded that the most likely outcome of GM maize release is the incorporation of
transgenes in the genome of Mexican germplasm and possibly in that of teosinte.
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INTRODUCTION

Modern biotechnology is a powerful tool that has
increased the capacity of scientists to use and transfer
genes between individuals of the same species or from dis-
tant unrelated taxa. The exchange of genetic information
has been expanded from the basic species to the kingdom
level, since natural barriers can be broken through bio-
technology. In theory, all organisms on earth could be con-
sidered as one gene pool. The possibilities for new devel-
opments in industry, agriculture, health and environment
are therefore immense. Thus, benefits derived from bio-
technology could be great, but at the same time risks must
be considered thoroughly since this technology could have
a profound impact on the environment and on human
activities.

At the onset of biotechnology development, scientists
working in this field cautioned about the implications and
possible consequences of this technology (Berg et al.,
1974). Government agencies in industrialized countries
were put in place to regulate biotechnology, and strategies
were defined for the assessment and management of the
novel products that were released by the new industry. A
certain number of factors were identified in order to eval-
uate the ecological impact of genetically modified plants
that could be released into the ecosystem: (1) the possi-

bility of a transgenic plant to become a weed through gene
flow between crop and wild relatives; (2) development of
resistance in pests and pathogens to the GMO; (3) negative
impact on non-target organisms; and (4) alteration of eco-
systems (Tiedje et al., 1989).

In particular, dangers and risks to the environment
identified with the release of transgenic maize are those
related to traits or factors with potential negative impact
on maize diversity, maize and animal health status, human
health, and on campesino** production systems. Among
others, potential risks connected to gene flow are the pos-
sible hybridization of transgenic maize and teosinte,
which could eventually lead to introgression of transgenes
promoting generation of forms of weedy teosinte, and the
speeding up of evolution of resistant pests to pest control
strategies based on transgenic maize.

Mexico is considered the 5th megadiverse country in
the world, located in the area of origin, domestication and
diversity of many important crops (Harlan, 1992). There-
fore, biosafety in Mexico had been considered an impor-
tant issue that had been cautiously approached because of
the lack of precise information on unique dangers to agr-
oecosystems, the effect of genetically modified crops on
wild relatives and on diversity of crops. However, some

* Corresponding author: aserratos@cgiar.org
** Campesino is defined as a resource poor farmer, cultivating mostly in rainfed land by traditional methods for self-
consumption or small scale market.
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people have argued that there was no need for concern
about the interaction between maize, transgenic maize and
its closest relative, teosinte (Martínez-Soriano and Leal-
Klevezas, 2000). These opinions were further discussed
in warnings about the “largely unknown genetic and eco-
logical risks of introducing transgenic crops into the cent-
ers of origin of agronomic crops” (Nigh et al., 2000). In
this regard, the objective of this article is to contribute with
a systematic analysis and gathering of information related
to the known distribution of teosinte, maize local varieties
and maize production in the areas of Mexico where sym-
patric coexistence of these species is known. The infor-
mation was processed by means of Geographical Infor-
mation System (GIS), in order to set up scenarios for risk
assessment, monitoring and generation of working
hypotheses on gene flow interactions between local lan-
draces of maize, teosinte, and transgenic maize. This
information could be useful for risk assessors and research
scientist interested in studying or setting models for the
dynamics of teosinte-maize and maize-maize interactions.

MATERIALS AND METHODS

Database

The information on maize production per district in
Mexico was kindly provided by Hyman and Rodriguez
from CIAT and CIMMYT, respectively. The database
used in this study is part of a broader project carried on at
the Natural Resources Group of CIMMYT, and CIAT
(Hartkamp et al., 2000; Hyman et al., 1998) and was used
to illustrate the production of maize in a given year. In the
present study the information was related to production of
maize per district in 1995. Because the production of
maize could be variable at each specific location within a
district, the production data and area planted to maize was
used as representative of the whole municipal area. In this
case we over-represent the area of production of maize in
each district because not all the area is sown to maize;
however, production figures identify accurately the
amount of maize produced in the area as a whole, regard-
less of the specific site of production.

The database for maize landrace location was down-
loaded from the Latin American Maize Project data
CD-ROM (LAMP, 1992). The landraces were selected
according to the primary landrace name provided in the
program, which corresponds to the classification made by
Wellhausen et al. (1952), and still used as reference in
studies of maize taxonomy in Mexico (Sanchez-Gonzalez
and Goodman, 1992a, b). Recent studies have used the

same nomenclature as standard for maize landrace recog-
nition (Aguirre et al., 1998; Bellon et al., 2000; Louette
and Smale, 1998; Perales et al., 2003a, b; Smale et al.,
1999). Teosinte data is from Sanchez-Gonzalez and Ruiz-
Corral (1996) and Sanchez-Gonzalez et al. (1998), who
analyzed most of the information from collections made
in the 1940s, through 1970s and up to 1995, when most
of the teosinte accessions were confirmed in the locations
described here.

The database was processed with INFO-ARC program
installed in a UNIX system platform. The map of Mexico
generated with this program and the maize and teosinte
databases is shown in Figure 1.

RESULTS AND DISCUSSION

Scenarios of dispersion of transgenes to maize 
and teosinte in Mexico

Diversity and production of maize

The most fundamental characteristic of maize populations
in Mexico is their diversity, still present in most regions
of the Mexican territory (Aguirre et al., 1998). At the same
time, traditional agricultural practices in small farmer and
campesino communities in Mexico are widespread and
highly open to seed exchange (Louette, 1997). Maize
diversity is kept in gene banks with more than 9000 maize
seed accessions from 64 catalogued landraces of Mexico
(Cárdenas, 1997; LAMP, 1992; Taba, 1995a). Most of the
seed collected came from ethnobotanical surveys in
campesino maize fields and in local markets (Hernandez-
Xolocotzi, 1985; Wellhausen et al., 1952).

Of the 64 landraces collected in Mexico, 41 are still
extant in maize producing areas. Gene banks or ex situ
conservation is of utmost importance; however, it is rec-
ognized that this static type of conservation should be
complemented with in situ conservation because “crop
populations continue their evolution in response to human
and natural selection” (Bellon and Smale, 1998). On-farm
conservation of crop genetic resources is considered
increasingly important as complementary to ex-situ con-
servation (Altieri and Merrick, 1987; Bellon et al., 1997).

Maize production regions in Mexico are fairly con-
stant; however, specific locations for maize cultivation
within maize production macro-regions could be highly
variable due to economic constraints or changes in land
use (Nadal, 1999). In addition, maize production areas
have a high degree of geographical patchiness produced
by the extremely low size of farmer’s field, less than 2 ha
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on average. Another important characteristic of maize
production in Mexico is that at least 75% of the land ded-
icated to maize production is sown with local open-polli-
nated varieties, landraces, creolized materials, and some
forms of traditional landraces or advanced combinations
of these with improved varieties (Ortega-Paczka et al.,
2000). Aguirre-Gomez et al. (1998) found that landraces
are the dominant type of maize in four contrasting envi-
ronments with varied agricultural productivity potential
and infrastructure development in the State of Guanajuato
(Bajio region). They also found that use of improved vari-
eties was low but steadily increasing, and that the diversity
richness of maize populations is likely associated with
maize yield potential. On the contrary, it was observed
(Aguirre-Gomez et al., 1998) that evenness of maize pop-
ulations is associated with the presence of infrastructure,
which could explain the trend of increasing substitution of
landraces by improved varieties, sorgum or vegetables,

observed in some locations of Bajio (Ortega-Paczka et al.,
2000). Aguirre-Gomez et al. (1998) also stated that maize
diversity in environments with low productivity potential
and high availability of infrastructure may be high but
fragile, therefore implying susceptibility to genetic ero-
sion in these regions.

Traditionally, farmers plant their field with seed they
save from their own harvest and some that is exchanged
or traded with neighbors in their community, and therefore
seed migration between fields (or seed lots) is the common
rule (Louette, 1997). On the other hand, the remaining
25% of maize is produced in more industrialized agricul-
ture of the states of Sinaloa and Jalisco (Tab. 1 and Fig. 1),
where the use of improved varieties is increasing. In the
states of Chiapas, Mexico and Michoacan (Tab. 1 and
Fig. 1) there is also a high level of production of maize but,
interestingly, the use of hybrids or improved materials is
quite low (Nadal, 2000).

Figure 1. Map of Mexico with location of maize landraces and teosinte collection sites. States with major production of maize and
those with reported teosinte collections are indicated on the map.
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Maize landraces and transgenic maize release 
scenario

In order to illustrate the scenario of open release of dereg-
ulated transgenic maize in Mexico, let us consider a simple
model of diffusion with the logistic function. We assume
that in a population of k maize seeds planted in several
areas within a district (i.e. several independent fields of
varying sizes within a locality), x(t) is the transgenic maize
while k – x(t) is the local maize planted. If we assume that
transgenic and local maize mix homogeneously within
independent fields, then the number of possible contacts
that can spread the transgenes after pollination of local
maize in each field is x(k – x). A fraction of successfully
fertilized eggs and seed obtained within each field produce
the basic new transgenic maize population through differ-
ent proportions of heterozygous and homozygous seed
sets in each maize ear. Maize seeds produced in farmer’s
fields therefore have the first opportunity to disperse far-
ther within the community through the network of local
trade or marketing. Thus, the growth rate of the number
of new transgenic maize, mostly heterozygous, is:

dx/dt = ax(k – x) = rx(1 – x/k) (1)

x(t) = [x(0)ert] / [1 + x(0)/k (ert – 1)] (2)

where a and r = ak are constants. The solution (2) of the
differential equation (1) was used to generate graphs that
illustrate the percentage of area covered by transgenic
plants through the years (Fig. 2). Since r is a constant we
are thus assuming that the same rate of increase would be
reached at each time cycle.

A preliminary hypothesis could be drawn from the
analysis of this simplified model. The speed of dispersion
of transgenes depends on the size of the area planted to
maize (i.e. number of plants, k) within the district, as well
as on the initial number of transgenics planted within that
area; that is, the lesser the area planted to maize, together
with a greater number of transgenic maize planted, the
faster the spread of transgenes. For example (Figs. 2 and
3), if transgenic maize were planted in only 1 ha of the dis-
trict of Juchitepec (Mexico), which has 2499 ha (k) sown
to maize, and assuming a rate of “diffusion” (r) of 1, it
could be expected that after 10 years 2244 ha (89.8% of
the area planted to maize) within the district would be cov-
ered with homozygous, heterozygous, backcrosses and
different generations of transgenic maize. While, if trans-
genic maize were planted in 1 ha of the district of Toluca
(Mexico), having 12 633 ha (k) planted to maize, after
10 years at a rate of “diffusion” (r) of 1 the area covered
with transgenic maize would be 8029 ha, which is 63.6%

Table 1. Maize production data for the States of Mexico with known populations of teosinte. Data from Sanchez-Gonzalez et al.
(1998), and Nadal (1999, 2000).

State Total maize
production

(Million ton/year)

Local maize produc-
tion for the state 

(Million ton/year)

Commercial maize 
production in the state 

(Million ton/year)

Production of maize in 
districts with teosinte 

(Million ton/year)

Maize yield in 
districts with 

teosinte (ton/ha)

Number of 
teosinte popula-
tions in the state

JALISCO 2.231 1.020 1.212 0.144 1.78 29

MEXICO 2.147 1.444 0.703 0.081 1.29 35

MICHOACAN 1.293 0.780 0.514 0.145 1.10 58

GUERRERO 1.112 0.864 0.249 0.056 1.20 29

PUEBLA 1.064 0.734 0.330 0.030 1.08 8

GUANAJUATO 0.824 0.469 0.355 0.039 0.89 9

OAXACA 0.721 0.579 0.141 0.002 0.88 1

CHIHUAHUA 0.304 0.170 0.133 0.003 0.68 1

DURANGO 0.291 0.174 0.117 0.029 1.17 3

NAYARIT 0.226 0.113 0.113 0.012 2.26 2

QUERETARO 0.186 0.143 0.043 0.011 0.80 1

SAN LUIS POTOSI 0.161 0.125 0.036 0.006 0.57 1

MORELOS 0.116 0.050 0.066 0.005 1.32 4
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of the area planted to maize. Figure 2 shows the form of
the trajectories through time in the case of three different
rates of diffusion (r = 0.5, 1.0 and 1.5) for two districts,
Toluca and Juchitepec, with different carrying capacities
(k) and initially with 1 ha planted in the year 2000 to trans-
genic maize in each district. Our rate of “diffusion” or
“dispersal”, r, is the composition of functions ascribed to
pollen dispersal within maize fields, with contiguous
areas, and seed exchange among neighbor farmers in rural
communities producing maize. There is no attempt in this
model to differentiate, or make explicit, each component
of the dispersal rate (r), and thus they are pooled together
in a single value. Since farmers do not actually select
transgenic maize because they cannot visually recognize
it, there is no Ostrinia nubilalis (European corn borer) in
their fields, and poor farmers do not use herbicide at all,
we are assuming a lack of human selection that makes
transgene “dispersal” resemble epidemic propagation.
Our example also (Fig. 3) regards each municipality as
enclosed within boundaries, but this is just for illustration,
in reality the analysis of specific situations must consider
whole regions of maize production, without political bor-
ders, defined by eco-geographic, environmental, and
social conditions. Also, as with most simple deterministic

models, the underlying assumption is that dispersal is the
cumulative outcome of many small steps (Levin, 1986).

In the open agricultural system predominant in Mex-
ico, transgenic maize and the diverse types of maize in dif-
ferent regions (i.e. landraces, creoles, and mixtures) will
definitely interact, and gene flow in both directions could
occur in all areas where transgenic maize would be sown
if it were deregulated. According to our model, genetic
exchange between local landraces and transgenic maize
would intensify after few cultivation seasons. This would
initially concern the two already available GM maize
traits, herbicide tolerance and resistance to lepidopteran
insect infestation. These transgenes would be readily inte-
grated into the local maize material being managed by
most communities, since gene flow would be within the
same species.

Transgene introgression is likely to happen in the
states where traditional agriculture is widespread. Farmers
cultivating maize in small communal fields and frequently
exchanging seed with neighbors would have a high prob-
ability of transgene incorporation in their maize, through
hybridization, leading to introgression in further genera-
tions, first in their fields, and then within the localities of
a district.

Figure 2. Trajectories of accumulation of transgenic maize in two districts of Mexico, based on the logistic function as explained
in the text. Initial sowing of transgenic seed is one hectare in each district. There are three dispersal rates in this illustration:
r = 0.5, 1.0, and 1.5.
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Some maize production areas have been surveyed, and
these surveys have been updated for the presence of lan-
draces. In the Central Valleys of Oaxaca there are Bolita
complex, and Tepecintle landraces of maize (Smale et al.,
1999). In the region of Cuzalapa, State of Jalisco, Louette
and Smale (1998) recognized the presence of Tabloncillo
and Tabloncillo-Perla landraces of maize, and, in their
study of the Bajio region, Aguirre-Gomez et al. (1998)
found a total of 152 samples of maize races, 86 racial mix-
tures and 9 creolized materials. This information supports
the assumption that in most Mexican maize production
macro-regions, landraces described in Wellhausen et al.
(1952) and summarized in LAMP (1992) could exist, with
varying degrees of mixture. 

Based on this simple model, it can be foreseen that the
fate of transgenic maize in Mexico, if it were commer-
cially available and released into the agroecosystem,
would be its incorporation in the genetic pool of the Mex-
ican maize germplasm. There is a high likelihood of this
outcome, if is considered that transgenic maize would be
exchanging genetic information with a great variety of
landraces and creolized materials, which so far have been
interacting with other types of improved materials and
hybrids. Seed recycling in Mexico is common in small

farm communities, and this allows a high level of genetic
migration once trade and seed exchange starts operating.
Migration occurs at the community level and at a broader
level between regions fed by the recycling of commercial
varieties (hybrids and open pollinated varieties). Locally,
farmers adapt varieties to their changing conditions (agro-
ecology and market) providing suitable conditions for this
system to integrate new genes into the pool. These same
system factors make it far more complicated to have genes
eradicated. Thus, it should be kept in mind that transgenes
close to being inserted in the maize genome, in addition
to new versions of Bt and herbicide tolerance, include ones
encoding vaccines, degradable plastic products, quality
protein genes, aluminum tolerance, apomictic genes,
together with mutator regulating elements from landraces
of maize (i.e. Zapalote Chico). As a consequence, the risk/
benefit of release such transgenic maize would have to be
analyzed closely.

Classical theory of evolution points out that gene flow
is capable of counteracting other evolutionary forces like
mutation, drift and selection. In modern industrial agri-
culture a stand of maize could contain a million plants
(Ellstrand et al., 1999), and under these conditions gene
flow from transgenic maize to local landraces is expected

Figure 3. Simulation of transgenic maize dispersal in selected districts. Maize production areas are in green (grey in B&W). Dark
red color (black in B&W) represents areas with transgenic maize after a simulated initial planting of one ha in the year 2000
(see Fig. 2). (a) Year 2004; (b) Year 2006; (c) Year 2010; (d) Year 2015.

a) b)

c) d)
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to be very high. Under these conditions, the rate of incor-
poration of foreign alleles after hybridization is likely to
be orders of magnitude higher than typical mutation rates.

Teosinte and transgenic maize scenario

In several regions maize and teosinte are sympatric,
and the latter is found in areas where maize is most densely
cultivated (Fig. 1 and Tab. 1). Mexican annual teosintes
can be separated in three races according to Wilkes (1977)
or two subspecies (Taba, 1995b), Zea mays subspecies
parviglumis or Balsas race; Zea mays subspecies mexi-
cana (for the Central Plateau and Chalco races). The rela-
tionships between these three races and maize are differ-
ent: the Chalco race is essentially a weed maintained by
cultivation, the Balsas race is a wild plant with some inter-
action with maize that is cultivated in the same areas. Cen-
tral Plateau corresponds to an intermediate case, being
wild or weed depending on the populations observed. It
should also be pointed out that maize and some teosinte
populations have been sympatric for a long time (Pope
et al., 2001). The amount of gene flow between maize and
either Zea mexicana or Zea parviglumis depends on the
isolation from and overlap with maize, in flowering time
in populations of each subspecies. Natural hybridization
between landraces of maize and teosinte in some areas of
Mexico has been observed (Sanchez-Gonzalez and Ordaz,
1987), which suggests that introgression from maize to
teosinte cannot be precluded. This could be an explanation
for the presence of the c1 allele found in Chalco teosinte.
This allele probably was acquired by teosinte through
gene flow from maize landraces in this area, which have
c1 at a high frequency (Hanson et al., 1996). Therefore,
gene flow between maize and two teosinte subsp., Zea
mexicana and Zea parviglumis, is greater than zero, since
they are cross compatible, spatially sympatric and do over-
lap in flowering time (Sanchez-Gonzalez and Ordaz, 1987).

If transgenic maize were deregulated and authorized
for commercial release in Mexico, its interaction with
teosinte would not be significantly different from the one
already present in areas of production where teosinte
coexists sympatrically with maize. In this scenario, gene
flow from teosinte to transgenic maize would have no con-
sequences, since gene flow from teosinte into maize has
been present without affecting maize populations. Gene
flow from transgenic maize into Zea mexicana and Zea
parviglumis, on the other hand, may also be greater than
zero, but in this case transgenes such as herbicide resist-
ance or insecticidal protein could produce unpredictable
consequences in the agroecosystem web.

Maize production as related to the number of teosinte
populations in Mexico is shown in Table 1. Thus, if it is
assumed that there is at least some degree of hybridization
from teosinte to maize, and the reciprocal, in the areas
where there are known populations of teosinte (Fig. 1), the
rate of hybridization would exceed 1% over distances
100 m or more (Ellstrand et al., 1999). This would be par-
ticularly the case in maize fields under intensive commer-
cial agriculture (Tab. 1), and therefore introgression is
likely to eventually show up in scattered locations within
those areas. In this scenario there are 186 known and con-
firmed teosinte populations sympatric with maize in
465 000 hectares producing 569 494 ton/year, which are
located in a total of 99 districts in 14 states of Mexico
(Tab. 1). In most of these maize production areas there is
a substantial number of known landraces of maize and cre-
olized materials (Aguirre-Gomez et al., 1998; Louette,
1997; Perales et al., 2003a, b; Sanchez-Gonzalez and
Ordaz, 1987). 

The possible outcomes of interactions between differ-
ent crops, maize included, and their wild relatives are
described by Ellstrand et al. (1999). Nevertheless, regard-
ing the relationship between maize and teosinte, specific
hypotheses can be included in this analysis.

If neutral gene flow occurred, the level of neutral var-
iation in teosinte would probably be enhanced through the
incorporation of the genetic variation contained in maize
open pollinated landraces that are assumed to be able to
hybridize with transgenic maize.

In a different scenario, local varieties hybridizing with
transgenic maize by means of gene flow or seed dispersion
by farmer’s exchange, which generates progeny with
novel traits, could exert a strong selection against teosinte
if alleles from the novel source, in this case hybrids
between local varieties crossed to transgenic maize, were
detrimental. This outcome could be expected in areas (dis-
tricts) with above average maize production (Tab. 1 and
Fig. 1), because the greater fraction of maize immigrants
relative to the total teosinte population per generation
would swamp locally adapted alleles of teosinte popula-
tions. In the sympatric areas of coexistence of these spe-
cies, outbreeding depression due to extreme differences in
adaptation between maize (completely dependent on cul-
tivation) and teosinte (wild feral species), would arise.

In the case that beneficial gene flow were present,
fixation of domesticated favorable alleles from maize into
teosinte population could speed up.

Using the same model previously applied, assuming
that 1 ha of transgenic maize were planted in each one of
the districts where known teosinte populations are located
(467 261 ha), with a dispersal rate of 1, it is estimated that
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after 5 years the total area covered with transgenic maize
mixed with local varieties would be around 7336 ha
(1.57%). Similarly, if five hectares of transgenic maize
were planted in each one of these districts with a dispersal
rate r = 1, then a total of 410 488 hectares (87.85%) would
be covered with transgenic maize after 10 years. Thus, it
is foreseen that in the event of transgenic maize released
in districts where known teosinte populations are present,
the likelihood of transgene transfer into teosinte popula-
tions increases exponentially with time.

From the previous discussion of landraces-transgenic
maize-teosinte scenarios, some further questions arise.
When genetically modified maize enters this system, how
would the dispersal of transgenes be controlled and elim-
inated if this would be required? It will become very dif-
ficult to have certified GMO-free maize, if the market
imposes this guarantee or if this opens new markets. Other
types of GM maize are in the pipeline. How we would con-
trol the flow of many new genes that could be accumulat-
ing in the local farmers varieties? How could we be sure
of non-interference between transgenes once they are all
in the same plant?

Transposons and retrotransposons are present in the
maize genome. Some are active and induce new muta-
tions. At least in one race in Mexico, the presence of an
active MuDR has been demonstrated (Gutierrez et al.,
1998). Regulation of their activity is through genetic
mechanisms that could also be active for transgenes
(silencing by methylation). What we could expect from
the interaction of active transposons, retrotransposons on
transgenes from transgenic maize?

The null hypothesis for all these questions is that no
differences between “resident” genes and transgenes
would be observed. The challenge is to test this hypothesis
through experimentation.

CONCLUSIONS

The maize production agroecosystem in Mexico has
distinctive characteristics that make suitable a scenario
including the incorporation and exchange of novel sources
of alleles (transgenes). Farming conditions in Mexico
relying on traditional open pollinated maize varieties,
maintained and managed by campesinos, shape an open
system that since domestication of maize has created the
great diversity of the crop. This is a very different system
(genetically, socially and economically) from the one at
work in countries with industrialized agriculture.

Without assigning any value judgment, either good or
bad, to transgenic maize, the most likely outcome of
deregulation and field release of GM maize in Mexico

would be the incorporation of transgenes in the genome
of Mexican germplasm and perhaps in the genome of
its wild relative, teosinte. This conclusion arises from
applying the simple logistic function that accounts the
open genetic characteristics of the maize agroecosystem
by combining pollen and seed dispersal in a single param-
eter (r).

There will be many implications for the biology, agro-
nomic, legal and cultural aspects of maize landraces in
Mexico if transgenic maize is not regulated. It is foreseen
that in the near future, new biotechnology developments
will represent a major challenge for the biosafety assess-
ment of GM maize. Therefore, it seems advisable to move
forward in the implementation of a national monitoring
system, and the active participation of all the actors
involved.
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