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Recent long-distance transgene flow into wild
populations conforms to historical patterns of gene flow
in cotton (Gossypium hirsutum) at its centre of origin
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Abstract

Over 95% of the currently cultivated cotton was domesticated from Gossypium hirsutum,

which originated and diversified in Mexico. Demographic and genetic studies of this

species at its centre of origin and diversification are lacking, although they are critical for

cotton conservation and breeding. We investigated the actual and potential distribution of

wild cotton populations, as well as the contribution of historical and recent gene flow in

shaping cotton genetic diversity and structure. We evaluated historical gene flow using

chloroplast microsatellites and recent gene flow through the assessment of transgene

presence in wild cotton populations, exploiting the fact that genetically modified cotton has

been planted in the North of Mexico since 1996. Assessment of geographic structure

through Bayesian spatial analysis, BAPS and Genetic Algorithm for Rule-set Production

(GARP), suggests that G. hirsutum seems to conform to a metapopulation scheme, with

eight distinct metapopulations. Despite evidence for long-distance gene flow, genetic

variation among the metapopulations of G. hirsutum is high (He = 0.894 ± 0.01). We

identified 46 different haplotypes, 78%of which are unique to a particular metapopulation,

in contrast to a single haplotype detected in cotton cultivars. Recent gene flow was also

detected (m = 66 ⁄ 270 = 0.24), with four out of eight metapopulations having transgenes.

We discuss the implications of the data presented here with respect to the conservation and

future breeding of cotton populations and genetic diversity at its centre of crop origin.
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Introduction

The complexes of wild and cultivated varieties of crop

plants at their centres of crop origin and ⁄ or diversity

(hereafter, CCO) provide useful systems for addressing

fundamental questions on population structure, genetics,
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and specifically, gene flow dynamics (e.g. maize to teo-

sinte; Baltazar et al. 2005; Ellstrand et al. 2007; the beet

family; Bartsch et al. 1999; Viard et al. 2004; Fénart et al.

2007; Arnaud et al. 2009; or Brassica spp. Jørgensen &

Andersen 1994; Snow et al. 1999). In cases where geneti-

cally modified varieties have been released at the CCO,

transgenes become useful markers for addressing ongo-

ing patterns, dynamics, and pervasiveness of gene flow

(maize, van Heerwaarden et al. 2009; Cucurbita, Sasu

et al. 2009; Sorghum, Sahoo et al. 2010). At the same time,

these cases become particularly relevant for assessing the
� 2011 Blackwell Publishing Ltd
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general viability of GMO cultivation when there is poten-

tial for transgene flow into wild relatives at the CCO.

In spite of the effects of recent gene flow involving

transgenes or other genetic elements, historical gene

flow may still have a dramatic impact on population

genetic structure (Ehrlich & Raven 1969). It may coun-

teract the effects on effective population size of drift

and inbreeding (Ebert et al. 2002), but may also con-

strain population differentiation by homogenizing the

gene pool (Slatkin 1987). Gene flow estimation has his-

torically relied on estimates of Nm (number of migrants

per generation) and Fst (Fixation index; a measure of

population differentiation). However, both of these

parameters have been developed based on simplified

and typically unrealistic population models (Whitlock

& McCauley 1999; Paetkau et al. 2004) that assume, for

example, that populations are at equilibrium (Broquet

& Petit 2009).

In contrast, the use of haplotype networks and

genetic covariance estimates, such as those used in Pop-

graph analyses, can provide information regarding the

historical and spatial relationships among genotypes

(Dyer 2009). For instance, historical gene flow patterns

can be inferred from haplotype networks that connect

each particular haplotype through mutational steps.

This enables assignment of extant haplotypes to an

ancestral population, while differentiating between

ancestral polymorphisms and migration. This distinc-

tion is particularly useful when analysing species that

have diversified or diverged quite recently, as is the

case for the majority of cultivars (Londo et al. 2006). On

the other hand, Popgraph draws from tools generated

by landscape genetics that allow for the differentiation

between isolation by distance and long distance migra-

tions, which are phenomena that can underlie genetic

differentiation among populations (Dyer & Nason

2004). These approaches explicitly incorporate geo-

graphical information to assess the contribution of

physical space in structuring genetic diversity (Manel

et al. 2003; Dyer 2009).

In the present study, we complement these types of

historical gene flow analyses with estimates of ongoing

gene flow using transgenes. While gene flow estimation

is instrumental in the analysis of the genetic structure

of populations, it should be complemented with a direct

assessment of pollen and seed dispersal rates that

impact on the natural patterns of gene flow. Otherwise,

the consequences of dispersal-related life history varia-

tion among populations—and, hence, gene flow itself—-

will remain poorly quantified (e.g. Palstra et al. 2007).

Therefore, we have also pursued the analysis of land-

scape features that can impact the genetic structure of

populations by documenting the metapopulation struc-

ture of cotton in Mexico.
� 2011 Blackwell Publishing Ltd
Metapopulations are assemblages of populations that

exist in a balance between extinction and colonization

(Levins 1969; Hanski & Gaggiotti 2004 and references

therein). For plants, several criteria have been proposed

that further constrain this metapopulation concept

(Hanski 1998; Freckleton & Watkinson 2002), including:

(i) that suitable metapopulation habitats are in spatially

separated patches; (ii) that all patches can become

extinct but they cannot do so at the same time; and (iii)

that recolonization of each patch after local extinction is

possible (Honnay et al. 2009).

The complex of wild and cultivated cotton popula-

tions in Mexico is an ideal system with which to

address the role of metapopulation dynamics on recent

and historical gene flow patterns, and on the genetic

structure of populations. These studies are also instru-

mental for breeding and conservation programs for

crops at their CCO. The germplasm of current culti-

vated cotton originated in Mesoamerica, where it was

semi-domesticated in pre-Hispanic times (Tehuacán

Valley, Mexico, dated around 5500–4300 BP; Smith &

Stephens 1971). Previous studies used allozymes and

RFLP data to identify possible venues of cotton domes-

tication and to assess broad range genetic diversity

(Wendel & Albert 1992; Brubaker & Wendel 1994).

However, although cultivated cotton varieties are the

most important source of natural fibre and the third

source of oil in the world (FAOSTAT 2009), only two

varieties (G. hirsutum var. yucatanense; called TX2094

and Deltapine 14; Delta and Pine Land Co; Applequist

et al. 2001) have been used as reference for wild germ-

plasm. Thus, broadening the genetic studies of wild

populations of G. hirsutum will increase the success of

breeding strategies focused on generating varieties

adapted to extreme environments.

The Gossypium genus originated from African rela-

tives between 12.5 (Seelanan et al. 1997) and 25 (Wendel

& Albert 1992; Wendel et al. 2010) million years ago,

and its salt-tolerant seeds enabled its spread around the

world (Stephens 1966; Seelanan et al. 1997). Only four

out of more than fifty Gossypium species have been

domesticated (Wendel et al. 2009): two diploids in Asia

and Africa (G. herbaceum and G. arboreum) and two tet-

raploids in America (G. hirsutum and G. barbadense).

Current diploid and allopolyploid Gossypium species on

the American continent cannot hybridize amongst

themselves (Beasley 1940, 1942). Cotton is mainly self-

pollinated, although cross-pollination may rarely occur

(Stephens & Finkner 1953; Simpson 1954; McGregor

1976), and gene flow occurs via seed dispersal by water

(Stephens 1966), and probably by wind and birds. In

Mexico, GM cotton has been cultivated since 1996 and

172 000 ha were approved for sowing in 2009 (SAGA-

RPA 2010). Despite the extent of GM cotton cultivation,
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the dispersal of transgenes into non-GM and wild cot-

ton has not yet been evaluated.

Given the complex history of the Gossypium genus

and its capability for long distance migration, we first

evaluated the geographical structuring of G. hirsutum

populations in Mexico by generating a potential distri-

bution based on climatic data. We hypothesized that

geographic barriers have affected long distance gene

flow among wild G. hirsutum populations, rendering a

genetic structure that does not conform to an isolation-

by-distance pattern across the area as a whole. We then

documented historical gene flow using chloroplast mi-

crosatellite data to construct a haplotype network.

Lastly, we used transgenes as markers to assess

whether recent gene flow has taken place and if its pat-

terns and dynamics conform to our historical infer-

ences.
Materials and methods

Assessment of wild cotton populations and modelling
of a potential distribution map

We selected populations of wild Gossypium hirsutum to

be collected for this work by first performing an analy-

sis of hundreds of historical specimens at the MEXU

National Herbarium and XAL Herbarium. Twenty

accessions were used that were clearly referenced as

wild specimens and whose geographical reference fell

within the formerly established natural habitats of this

species. Concomitantly, we used the collections made

by Paul A. Fryxell between 1968 and 1975 to guide our

field search for wild populations. The specimens col-

lected by Fryxell had clear features of wild cotton, as

well as a precise description of both the habitat and

location. Based on previous reports (Fryxell 1979; Wen-

del & Albert 1992; Applequist et al. 2001), we used the

following objective criteria to classify a cotton plant as

wild: (i) it is present in the expected habitat and distri-

bution for the species’ wild populations; (ii) it is a

perennial shrub or tree, and (iii) its fruits have less than

22% lint content. We also delimited our unit of study,

considering a population as comprised by a set of indi-

viduals that may potentially cross-pollinate among

themselves and that are set at a distance of a maximum

of 14 km among them. This distance criterion was set

as a conservative limit, because this is the maximum

pollinator (honeybee) movement range reported to date

(Beekman & Ratnieks 2000).

We characterized the ecological niche for this species,

based on 185 collection points of wild cotton plants sur-

veyed between 2002 and 2007. We used the niche

model proposed by Wiley (Wiley et al. 2003) and analy-

sed our data using the GARP program (Genetic Algo-
rithm for Rule-set Production; Scachetti-Pereira 2001),

which incorporated 23 bioclimatic covers from Worldc-

lim, with a convergence limit of 0.01%, a 5% of omis-

sion, and a 10% commission threshold. Models were

selected using the methodology proposed by Anderson

et al. (2003).

The potential distribution map of G. hirsutum wild

populations in Mexico was delimited through compari-

son with cartography from the Biogeographic Regions

of CONABIO (Comisión Nacional para el Conocimiento

y Uso de la Biodiversidad 1997). The predicted areas of

distribution of wild cotton were validated through field

inspections of places diagnosed to contain G. hirsutum

wild populations according to the potential distribution

maps, but where no former collections had been under-

taken or where no entries were available at any data-

base consulted. With these data, we analysed the

population structure using a metapopulation scheme

(see ‘Results’ section).
Cotton seed collection

Cotton seeds were collected between 2002 and 2008 in

the identified wild populations of this species. The size

of surveyed populations varied in number from 4 to 24

plants, with 1 up to <14 km separating individuals

within a population. In total, 336 individual plants dis-

tributed in 36 populations were collected (Fig. 1).

Additionally, seeds from commercial cotton cultivars

from Sonora, Mexicali, Chihuahua (Mexico), Texas, Vir-

ginia (USA), Argentina, Brazil, India and Egypt, were

used to assess genetic diversity. We also collected seed

from populations present outside the potential distribu-

tion area: Cuautla (18.89 N, )99.97 W), Tepoztlán

(18.97 N, )99.09 W), Cuernavaca (18.87 N, )99.205 W;

in the state of Morelos), Durango (23.18 N, )104.52 W)

and Sonora (28.80 N, )110.57 W). All of these were con-

sidered feral populations because they have more than

25% of lint and are far away from potential distribution

areas of wild cotton.
Laboratory procedures

DNA and chloroplast microsatellite analyses. Collected

cotton seeds were germinated in growth chambers with

a 12 h ⁄ 30 �C light and 12 h ⁄ 20 �C darkness regime, in

80–90% humidity. Genomic DNA was isolated from

young seedling leaves using a modified CTAB method

from Sul & Korban (1996; see Table S1).

DNA sequences were amplified through PCR using

two specific primer sets for G. hirsutum chloroplast

microsatellites (AF351292 (GAA)9 and AF351313 (CA)12,

from Reddy et al. 2001). Additionally, ten PCR primer

sets were used for the analysis of simple sequence
� 2011 Blackwell Publishing Ltd



Accesions in MEXU Herbarium
Collected sites between 2002-2007 
Collected sites in 2008

BCSM
NPM
BBM
CPM
SPM
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YPM

Fig. 1 Map showing collection sites, potential distribution area and metapopulations of G. hirsutum in Mexico. Symbols: green trian-

gles: cotton collections identified by Fryxell at the MEXU herbarium; blue circles: 2002–2007 cotton collections; yellow stars: 2008 col-

lections discovered with the use of the potential distribution map. Metapopulations are coded as follows: Baja California Sur

(BCSM): fuchsia; North Pacific (NPM): grey; Banderas Bay (BBM): red; Central Pacific (CPM): burgundy; South Pacific (SPM): orange;

Gulf North (GNM): dark green; Gulf South (GSM): purple; and Yucatán Peninsula (YPM): lime.
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repeat polymorphisms in chloroplast genomes of dicot-

yledonous angiosperms (CCMP1–CCMP10 from Weis-

ing & Gardner 1999). The PCR procedure and

individual conditions are shown in Table S1. DNA

fragments were sequenced on an ABI Prism 3730xl

Analyzer at the High-Throughput Sequencing and

Genotyping Unit in the University of Illinois.
Table 1 Presence of recombinant proteins in G. hirsutum metapopula

Metapopulation Popula

BCS (S of BCS) 2

North Pacific (Center and S of Sinaloa and N of Nayarit) 3

Banderas Bay (SW Nayarit and NW of Jalisco) 2

Center Pacific (Coastal line of C and S of Jalisco, Colima,

Michoacán and NW and C of Guerrero)

6

South Pacific (SE of Guerrero, Coastal line of Oaxaca, CW, C

and South tip of Chiapas)

8

Yucatán Peninsula (Quintana Roo, Yucatán, Campeche and

NE and E of Tabasco)

11

Gulf South (C and SE of Veracruz) 3

Gulf North (N of Veracruz, E of San Luis Potosı́ and S

of Tamaulipas)

1

Total 36

The region comprised within each metapopulation is described in par

metapopulation is presented in column two. Symbols: N: total numbe

of seeds positive for recombinant protein presence; positive 1 protein:

positive 1 + protein: number of seeds positive for more than 1 and u

description).

� 2011 Blackwell Publishing Ltd
Immunoassays to detect the presence of transgenes in wild

cotton populations. A total of 270 individual cotton seeds

from 36 populations (N ‡ 20 seeds per population; see

Table 1) were individually analysed for transgene pres-

ence via immunoassays for the most common recombi-

nant proteins present in cultivated cotton for which

ELISA kits were available (Cry1Ab ⁄ Ac, Cry2A, CP4-EP-
tions

tions N

Positive

seeds

Positive

1 protein

Positive

1 + proteins

17 0 0 0

37 25 19 6

15 0 0 0

24 0 0 0

44 13 13 0

88 0 0 0

21 14 12 2

24 14 0 14

270 66 44 22

entheses; the number of wild cotton populations in each

r of seeds analysed per metapopulation; positive: total number

number of seeds positive for only one recombinant protein;

p to 4 different recombinant proteins (see text for a complete
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SPS and PAT ⁄ Bar). The embryo of each seed was sepa-

rated from its seed coat and divided into four pieces

with a surgical knife. Each piece was placed in a 2-mL

microcentrifuge tube for separate homogenization with

an appropriate volume of extraction buffer. Each sam-

ple was analysed using duplicate assays in each ELISA

plate. Immunoassays were conducted according to the

manufacturer’s instructions. The ELISA plates were

read in a spectrophotometer at 450 nm for proteins

PAT ⁄ bar, Cry2A and CP4-EPSPS-event NK603 (Enviro-

logix� plates) and at 650 nm for proteins CP4-EPSPS

and Cry1Ab ⁄ Ac (Agdia� plates).

We considered a sample to be positive only when its

absorbance was equal to or above a reading three stan-

dard deviations above the average intensity of all nega-

tive controls and blank samples. At least one duplicate

of a blank (extraction buffer), one negative control, and

one positive control were included in each ELISA plate.
Data analyses

Molecular diversity. We determined the number and

frequency of all unique chloroplast DNA haplotypes

and estimated molecular diversity using Arlequin v3.5

(Excoffier & Lischer 2010). We used the rarefaction

approach (using ADZE; Szpiech et al. 2008) to see if het-

erogeneous population sizes could affect the estimation

of genetic diversity among populations and also to gen-

erate estimates that would be comparable among differ-

ent populations (Petit et al. 1998; Kalinowsky 2004).

Genetic structure and gene flow analyses. We examined

population structure by performing a Bayesian spatial

analysis using the program BAPS 5.1 (Corander et al.

2008), which uses stochastic optimization to find the

optimal partition. Simulations were run from K = 2 to

K = 10 with 100 replicates for each K.

We sought evidence for isolation by distance and ⁄ or

long-distance dispersal events using Population Graph

(GeneticStudio software; Dyer 2009). This is a graph-

theoretic approach that analyses how genetic variation

is distributed across the investigated landscape, by

plotting migration and enabling the assessment of the

dependence or independence of evolutionary trajecto-

ries among populations. Within a graph, populations

are represented as nodes and the genetic covariation

among populations determines the topology. The pat-

tern of connections between populations is estimated

conditional on the entire data set. The pattern can be

used to test for isolation-by-graph-distance, where in an

extreme case, if covariance between two populations

equals zero, no connection is drawn (IBGD; Dyer &

Nason 2004). Plotting the Population Graph onto a
map also allows the inferred population pairs to have

‘extended edges’, ‘normal edges’, or ‘compressed

edges’, which imply that genetic distance is either

higher, equal to, or lower, respectively, than the one

expected by geographic data (Dyer 2009).

We investigated the evolutionary history and relation-

ships among the haplotypes found in this study and dif-

ferentiation of the ancestral polymorphism and gene

flow by constructing a minimum-spanning network of

haplotypes using TCS 1.21 (Clement et al. 2000). We used

the methods described by Templeton & Sing (1993) to

break loops (ambiguous connections) within our net-

work, while using predictions derived from coalescence

theory (reviewed in Rosenberg & Nordborg 2002).

Distances between GM cotton release sites and wild cotton

populations. Mexico was divided into over 80 000 hexa-

gons, 25 km2 each, to compare areas against experimen-

tal release centres. Centroids of these hexagons were

used to calculate the distance between the release sites

and the potential distribution model, with an error of

25 km. The sites where permits to release genetically

modified cotton in Mexico have been granted (from

1996 to 2008) were plotted on a map of Mexico, under

the assumption that all plots approved were actually

planted (Fig. 4a). The minimum distance separating a

granted GM cotton release site from all populations of

wild cotton was determined (Table 2).
Results

Wild populations of G. hirsutum in Mexico: potential
distribution and actual metapopulation structure

A potential distribution map was generated using com-

putational and geographic tools (GARP). This map was

based on a comprehensive survey of existing wild G.

hirsutum populations comprising 185 collection points

(recorded between 2002 and 2007) distributed in 36 pop-

ulations (blue points in Fig. 1). The potential distribution

is plotted in Fig. 1 and represents those areas that had

over 75% of confidence of translating into the actual wild

cotton distribution, according to our survey data. Thus,

the actual distribution area for this species may possibly

be even broader than that considered here. Nevertheless,

the fact that all predicted populations were either corrob-

orated or led to the finding of new populations helped us

to validate the precision of the ecological niche predic-

tion model used here. The potential distribution map

identified seven new populations along the Gulf of Mex-

ico in 2008 (yellow stars in Fig. 1). In previous years,

without the guidance of this model, efforts to find wild

populations in this area had proved unsuccessful.
� 2011 Blackwell Publishing Ltd
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During the 7-year fieldwork period (2002–2008), we

observed that 85% of wild cotton populations were in

coastal ecosystems and some were in low dry forests.

Cotton plants were in populations of 4 to 20 individuals

(5 was the mode).

The spatial distribution and the ecological setting of

the populations investigated here suggest the existence

of eight discrete bioclimatic areas. These are separated

by intermediate zones that lack adequate climatic and

ecological conditions for G. hirsutum to grow, and that

effectively form geographical barriers to seed and pollen

flow. Each discrete area described here is considered to

be a metapopulation because cotton plant populations

were discontinuous due to the discrete occurrence of

favourable habitats. Furthermore, each metapopulation

was separated from one another by at least 150 km or

was isolated by evident geographical barriers.

The eight metapopulations proposed here are: Baja

California Sur (BCSM), North Pacific (NPM), Banderas

Bay (BBM), Center Pacific (CPM), South Pacific (SPM),

Yucatán Peninsula (YPM), Gulf South (GSM) and Gulf

North (GNM; Fig. 1). Although we lack quantitative

dynamic data for all of the populations surveyed, the

number of plants per population, as well as the num-

ber of populations that form a metapopulation, varied

substantially (Table 1). In the northern part of the

country, the maximum number of populations per

metapopulation is three (BCSM, NPM, BBM and

GSM). In the south of Mexico, three metapopulations
1

2

5 17

3

6

46

30

119

20 18

1415

44

43

11
10

16

12

7

8

9

41

42

22 23

24

29

32

34 33

262728

21

31

13

38 

36 3735

4025

45

39

4

(a)

Fig. 2 Haplotype network and historical gene flow in wild G. hirsut

mented in this work are depicted in circles; sizes of nodes show the

presence of a particular haplotype within each metapopulation. (b) H

from the haplotype network (metapopulation colour-codes and labels

� 2011 Blackwell Publishing Ltd
have six, eight, and eleven populations (CPM, SPM

and YPM, respectively). With regard to suitable habi-

tats for cotton growth within metapopulations, the

YPM has the largest contiguous range of suitable habi-

tats and bears the largest populations. It is also the

most genetically diverse.
Genetic variation, historical gene flow, and population
structure of G. hirsutum in Mexico

Overall, genetic variation among wild metapopulations

of G. hirsutum is high (He = 0.894 ± 0.01). We found a

total of 46 haplotypes, 78% of which are unique to a

particular metapopulation (Fig. 2). The highest haplo-

type diversity was found in BBM (0.94) and YPM (0.93;

for haplotype diversity between metapopulations, see

Table S2). The remaining metapopulation diversity

ranges between values of 0.6 and 0.8, except for GSM,

which is exceptionally low (0.34). In contrast, the analy-

sed commercial cotton seeds and inferred feral popula-

tions have only one haplotype (number 2; Fig. 2a). The

only exception to this trend is the feral population in

Cuernavaca, Morelos, where two haplotypes were

found (2 and 25; Fig. 2a).

The 46 haplotypes found in this study group into six

distinct lineages, of which those of BBM and YPM are

well differentiated (Fig. 2a). This haplotype network

has a complex topology, where some populations with

unique lineages have haplotypes that are not sampled,
NPM GNM

CPM

BBM GSM

SPM

BCSM

YPM

(b)

um metapopulations. (a) Haplotype network. Haplotypes docu-

frequency of a particular haplotype while colours represent the

istorical gene flow patterns among metapopulations, as inferred

are as in Fig. 1).
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NPM

SPM

BBM
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GNM

CPM
BCSM

YPM

NPM
SPM

BBM

GSM

GNM

(a) (b)

Fig. 3 Popgraph analysis showing significant connections among wild cotton metapopulations. (a) Three-dimensional Popgraph repre-

senting the genetic covariance among metapopulations of G. hirsutum, based on chloroplast markers. The length of a line between

any two metapopulations is proportional to their covariance; within-metapopulation genetic variance is proportional to sphere size.

(b) Geographic distances among metapopulations and their relation with the Popgraph analysis shown in (a). Edges that are signifi-

cantly longer (– - – - –), shorter (—) or congruent (–––) with the predicted genetic covariance with respect to geographic distance are

plotted. Names are as in Fig. 1.
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while shared haplotypes among several populations

appear to be ancestral. Derived haplotypes are generally

unique. The unique haplotype of cultivated cotton (2) is

shared and frequent in almost all metapopulations.

Haplotypes 35, 36, and 37 show ancient gene flow,

while 38 and 5 seem to have recently migrated from the

YPM; lastly, haplotype 13 shows evidence of ancestral

gene flow (Fig. 2b).

We estimated the genetic structure among the sur-

veyed wild cotton populations by modelling our data

using the BAPS approach. We found that the optimal

number of clustered groups was eight; thus, the

description of each cluster by this algorithm is consis-

tent with the metapopulation scheme derived from the

potential distribution analysis used above. Furthermore,

the rarefaction approach was consistent with the Popu-

lation Graph tool, as the diameter representing the

genetic variation is not correlated with the sample size

per population (Fig. 3).

Given the inferences of genetic variation and meta-

population genetic diversity presented above, which are

the result of historical events, we addressed the ques-

tion of whether contemporary long distance gene flow

has taken place, by evaluating transgene flow.
Recent long distance gene flow: presence of transgenes
in wild cotton metapopulations

The potential for long and short-distance ongoing trans-

gene flow that could be occurring from GM cotton

plants to native wild cotton populations was evaluated

through plotting the frequency distribution of the dis-

tance between the GM cotton parcels and the nearest

wild cotton population (Table 2). In this analysis, we
found that 1.4% of 5985 permits to sow GM cotton

issued by the pertinent Mexican authority between 1996

and the beginning of 2008, fall within the area of distri-

bution of two metapopulations of wild cotton (NPM

and GNM), while 4.2% are within a 300-km radius

from three metapopulations (NPM, GNM and GSM).

The remaining 94.4% of GM field releases approved are

over 300 km apart from all wild cotton metapopulations

(Table 2).

We identified actual transgene flow by assessing the

presence of recombinant proteins in wild cotton popula-

tions through ELISA tests. The immunoassays yielded

66 positive seeds out of 270 seeds tested (24.4%) for at

least one recombinant protein (Table 1). These positive

cases were distributed among four metapopulations

(Fig. 4): NPM (25 ⁄ 37; 67.6%), GNM (14 ⁄ 24; 58.3%),

GSM (14 ⁄ 21; 66.7%) and surprisingly, SPM (13 ⁄ 44;

29.5%). The latter is at a lineal distance of 755 km from

the southernmost and nearest approved GM cotton plot.

Furthermore, 3 out of 3 populations comprising the

NPM had positive testing plants for transgene presence;

1 out of 1 in GNM; 2 out of 3 in GSM and 3 out of 7 in

the SPM. Interestingly, two-thirds of all positive sam-

ples yielded positive results for a single recombinant

protein, while one-third did so for two and up to four

different transgene-codified proteins (Table 1).

Of the 66 positive seeds, 15.9% had the haplotype

common to the domesticated cultivars (haplotype 2). In

the GNM, 6 out of 14 positive seeds for Cry1Ab ⁄ Ac

have haplotype 2. In the GSM, three out of five individ-

uals positive for CP4-EPSPS had this haplotype. In the

NPM, two seeds positive for Cry1Ab ⁄ 1Ac and Cry2A

shared this haplotype. In the SPM, none of the positive

seeds for recombinant proteins had this haplotype.
� 2011 Blackwell Publishing Ltd
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Fig. 4 Contemporary gene flow among cotton metapopulations as inferred by transgene presence. (a) Map of Mexico showing the

regions where GM cotton cultivars have been approved for planting, as well as wild cotton metapopulations and populations posi-

tive for recombinant protein presence. GM cotton cultivation sites are plotted as green circles; metapopulations without recombinant

proteins (BCSM, BBM, CPM, and YPM) are coloured in dark grey; metapopulations with recombinant proteins (NPM, SPM, GNM

and GSM) are in pale grey; wild cotton populations with transgene presence are plotted as red squares while populations without

transgenes are depicted as white squares. Pie charts with the frequency of particular recombinant proteins are set aside each trans-

gene-harbouring metapopulation. (b) Diagram showing possible venues of present gene flow between GM cultivars and some wild

cotton metapopulations. Arrows show the probable trajectories of transgene flow.
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Discussion

In this study, we have shown that long distance gene

flow has taken place among G. hirsutum wild popula-

tions, both historically and recently. Evidence from the

population genetic analyses and the metapopulation

scheme suggests that geographical barriers can hinder

population structuring, but not sufficiently to suppress

migration among metapopulations.
Cotton metapopulations: current distribution,
metapopulation dynamics, and changes in land use

In this work, we propose the existence of eight distinct

wild cotton metapopulations in Mexico. While the

standards utilized in this work to define metapopula-

tions are qualitative, they are consistent with the

delimitation criteria put forward by other scholars

(Hanski 1998; Freckleton & Watkinson 2003; Honnay

et al. 2009). In line with metapopulation theory, we

found that 34% of the historically characterized G.

hirsutum populations continue to dwell in their original

geographic zones. Local extinction and recolonization

was also observed in 68 of 171 collection points sur-

veyed for which at least two visits were performed

during this work.

This dynamic turnover could be favoured by the fact

that 55% of surveyed wild populations live in disturbed

areas. This suggests, based on Fryxell’s and others’ pre-

vious assessments of wild cotton populations, that a
� 2011 Blackwell Publishing Ltd
process of habitat alteration due to human and abiotic

perturbations (changes in land use, as well as hurri-

canes and tropical storms) has taken place. These phe-

nomena have shaped the species’ habitat along the

Pacific and Gulf of Mexico coastal lines. The survival of

these populations in disturbed areas is probably related

to the ability of this species to grow well in places with

low plant cover and high solar exposure, as well as

having a perennial habit, being sexually mature during

the first year of life, having populations composed of

plants at different life stages, and presenting long dis-

tance seed dispersal. Nevertheless, while habitat pertur-

bations have not affected all cotton populations, they

could drive a significant number of them to extinction,

especially in a scenario where extreme changes in land

use would hinder recolonization. This could be the case

for the coastal region of the Gulf of Mexico (GNM and

GSM), which has been subjected to land use changes

due to promotion of agriculture and cattle grazing areas

(GNM) or to the establishment of hotel resorts that

deplete coastal dunes (GSM). This probably accounts

for the smaller number of wild cotton populations doc-

umented in this study for that part of the country.

While the dynamics currently affecting metapopula-

tion structuring are probably significantly influenced by

human activity, the structure unveiled in this work can

only be explained in evolutionary time. The modelling

of the ecological niche for G. hirsutum populations in

Mexico was also based on data obtained from actual

wild cotton populations. This confers a more precise



Table 2 Linear distances between GM cotton release-sites and

wild cotton metapopulations

Cotton growing region

Minimum distance

between GM cotton

plot and a wild cotton

metapopulation (km)

Number

of granted

permits

(1996–2008)

Tamaulipas and Sinaloa 0 85

Tamaulipas, Sinaloa and

South Sonora

1–100 152

101–200 42

201–300 56

Comarca Lagunera 301–400 919

401–500 1200

South Chihuahua 501–600 378

601–700 274

North Chihuahua 701–800 1375

North Sonora 801–900 210

901–1000 210

Mexicali, Baja

California Norte

1001–1100 1084
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input for distribution inference algorithms such as

GARP, than was obtained by previous studies where

this distribution was inferred using data from cultivated

cotton (Rogers et al. 2007).
Ancestral gene flow among cotton metapopulations and
cotton cultivars

We evaluated historical gene flow using chloroplast

microsatellites (maternally inherited alleles) to detect

historical gene flow through seed migration. Our data

indeed suggest long distance seed migration that is

consistent with previous suggestions of the potential for

seed dispersal through marine currents, given the

viability of seeds subjected to prolonged incubation

periods in salt water (Stephens 1958). This finding is

consistent with the signature of molecular markers

during chromosomal speciation (Wendel 1989; Wendel

& Albert 1992; Andersson & de Vicente 2010). Interest-

ingly, when assessing recent long distance gene flow

through transgene presence in wild G. hirsutum popula-

tions, we find high migration rates (m = 66 ⁄ 270 = 0.24),

but this does not seem to be due to seed migration,

since only 15.9% of the plants that were positive for

transgene presence have the haplotype common to

domesticated cotton used to generate transgenic lines

(haplotype 2). This observation could imply low seed

migration out of GM fields. Nevertheless, once a single

or a few transgenic individuals are dispersed into par-

ticular wild populations, they produce pollen that may

fertilize local wild plants. Since transgenes are inserted

within the nuclear genome, they can be dispersed both

via pollen or seed.
As cotton was domesticated centuries ago, ancient

gene flow between domesticated cultivars and its wild

relatives could probably have occurred historically via

seed dispersal, favoured by human activities and envi-

ronmental phenomena. Thus, some of the genetic pat-

terns observed could be the product of these types of

ancestral events. Nevertheless, we assumed that the

observed genetic structure is affected by historic gene

flow events among cultivated and wild cotton and we

repeated the haplotype analysis, this time eliminating

haplotype 2 (the only haplotype in cultivated speci-

mens). We did not find significant changes with respect

to the structure reported here (data not shown).

The haplotype network that we have put forward has

helped us to distinguish ancient polymorphisms from

recent gene flow events. Furthermore, these approxima-

tions have been complemented by the estimation of

recent gene flow using transgenes as markers in extant

wild cotton populations (Fig. 4).
Transgenes in wild cotton metapopulations

Fifteen years after the introduction of GM cotton culti-

vars into Mexico, we have documented the presence of

recombinant proteins in wild cotton populations at its

CCO (see Fig. 4a). We assayed recombinant protein

activity using ELISA kits available in Mexico. These

enabled us to detect 18 out of 21 approved events

(CERA 2010) among individuals of wild cotton popula-

tions. The remaining undetectable events (3) have been

scarcely sown. The traits that have been introduced,

alone or in different combinations, into currently sown

cotton varieties through genetic engineering include

Lepidoptera resistance (Cry1Ab ⁄ Ac, Cry2Ac, Cry1F and

vip3A), herbicide tolerance (CP4-EPSPS), and antibiotic

resistance (PAT ⁄ Bar, nptII and aph4; Traxler & Godoy-

Avila 2004).

The combinations of recombinant proteins detected in

this study differ among metapopulations, which sug-

gests that each combination could have been the result

of independent and multiple transgene flow events into

the Mexican wild cotton populations. This observation

is additionally supported by the fact that 84.1% of

seeds that tested positive for transgene expression had

a haplotype other than the one present in the cultivars

(2). Since cotton is assumed to be self pollinated, trans-

gene flow must also have occurred mostly via seed and

secondary cross-pollination events (Dyer et al. 2009).

The combinations of transgenes found within meta-

populations and the possible transgenic events from

which they could have originated are as follows: in

PNM, plants expressing Cry1Ab ⁄ Ac, could have origi-

nated from event MON531; in GSM, CP4-EPSPS protein

could involve either MON88913 or MON1445 ⁄ 1698; for
� 2011 Blackwell Publishing Ltd



HISTORICAL AND RECENT G ENE FLOW IN W ILD COTTON 4191
the GNM and GSM metapopulations, the recombinant

protein combinations found -Cry1Ab ⁄ Ac and CP4-EP-

SPS- suggest that the most likely transgenic event could

be MON531 · MON1445. For GNM, the Cry1Ab ⁄ Ac,

Cry2Ac, and CP4-EPSPS proteins could originate from

MON15985 · MON1445 or MON88913. These events

were approved for planting in Mexico between 1996

and 2003. In the case of seeds positive for transgenes

that harbour haplotype 2 and have transgene combina-

tions consistent with a commercial transgenic variety

(15.9%), we could be detecting feral GM cotton plants

that have dispersed into suitable habitats, but, given the

environmental conditions, do not grow to resemble

their cultivated counterparts.

In contrast, we found some transgene combinations

that cannot be explained as primary gene flow events,

given the transgene combinations present in the cur-

rently available GM cotton lines. This is the case of a

seed from GNM that expresses all four recombinant pro-

teins assayed. This finding suggests that recurrent gene

flow events and gene stacking could already have

occurred in this metapopulation. In contrast, some seeds

from NPM and SPM only expressed the Cry2Ac protein,

which is not contained individually in any commercial

event. This phenomenon could involve independent seg-

regation of transgenes from some lines and a later intro-

gression into wild cotton. Alternatively, it could

represent transcriptional or post-transcriptional gene

silencing of either the CP4-EPSPS or Cry1Ab gene ⁄ tran-

scripts that are present in all commercially available

lines expressing Cry2Ac. In order to distinguish between

these hypotheses, DNA-based analyses should be under-

taken using transgene specific primers, both from the

DNA of the seed and that of the mother plant.

Detected transgenes were aggregated in space

(p = 0.001). This type of distribution could be favoured

by the dynamics of plant metapopulations. In the par-

ticular case of wild cotton, populations where recolon-

ization has taken place have few plants, and thus can

be subject to a genetic bottleneck and to genetic drift.

Transgene frequencies and spatial patterns documented

here also suggest that transgene introduction is rela-

tively recent and has not been fixed in all metapopula-

tions. These findings could imply that these new alleles

do not confer a high selective advantage. In the particu-

lar metapopulations where not all populations are posi-

tive for transgene presence (GSM and PSM), but are in

close proximity to some of the positive populations,

three hypotheses would explain the intermixing of posi-

tive and negative populations. Firstly, negative popula-

tions are more recent than positive ones and are the

product of colonization ⁄ recolonization from wild (non-

transgenic) seed. Alternatively, these populations did

have transgenes, but the transgenes were eliminated by
� 2011 Blackwell Publishing Ltd
genetic drift or selection. Finally, transgenes in these

populations may exist but are silenced or have not

reached some populations simply due to random

events.

Our transgene data confirm that long-distance gene

flow is preeminent in wild cotton at its CCO. Given

present day management practices, some means of

seed movement at long distances include the acciden-

tal dispersal of cotton seed intended for animal feed.

We observed this happening in trucks from the USA

to the centre-south of Mexico. This phenomenon takes

place because seeds that are separated from their fibre

are later sold as animal feed without being previously

mashed into a ‘cake’. This venue for GM seed dis-

persal could very well be occurring for GM seed pro-

cessed in Mexico, because very little attention is paid

to the disposal of this seed once the fibre has been

removed. Given the documented patterns, future stud-

ies should address the possible scenarios to be

expected in terms of transgene flow and accumulation,

as well as the consequences these may have for wild

cotton conservation at its CCO, as has been docu-

mented for maize in Mexico (Dyer & Taylor 2008; Pi-

ñeyro-Nelson et al. 2009).

In this study, we found no correlation between trans-

gene presence and loss of genetic diversity. Neverthe-

less, in order to explore whether the presence of

transgenes could have consequences in wild cotton pop-

ulations, sustained and long-term analyses should be

pursued. In particular, biomonitoring studies that assess

the consequences of both transgene and foreign germ-

plasm introduction into wild metapopulations of G.

hirsutum, should be undertaken (see, for example, Meir-

mans et al. 2009).

This study confirms that ELISA-based analyses are

useful when assessing the presence of transgenes in

wild cotton metapopulations. Nevertheless, future stud-

ies should also consider DNA-based detection methods

to corroborate our findings, as well as to determine the

specific events involved. This multiple-technique

approach has been suggested in other studies dealing

with transgene detection at CCO (Serratos-Hernández

et al. 2007; Piñeyro-Nelson et al. 2009).

Lastly, gene flow from cultivated cotton can put the

wild germplasm of several Gossypium species at risk.

Evidence from previous investigations suggests that G.

tomentosum (in Hawaii), G. mustelium (in Brazil) and G.

darwinii (in Galapagos) are at risk of extinction as a

result of hybridization with domesticated tetraploid cot-

ton (Ellstrand 2003; Andersson & de Vicente 2010). In

some cases, interspecific hybrids (G. hirsutum · G. barba-

dense) may act as genetic bridges for gene transfer from

domesticated cotton to other wild relatives (G. darwinii;

Ellstrand 2003; Andersson & de Vicente 2010). As a con-
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sequence, conservation programs should include all

Gossypium tetraploid species.
Conclusions

The interplay of historical long distance gene flow and

geographic barriers in Mexico has shaped the genetic

structure of extant populations of G. hirsutum. Extinc-

tion and recolonization events in particular populations

have hindered genetic homogenization among meta-

populations.

Potential distribution analyses and molecular markers

independently show the existence of eight metapopula-

tions. We were able to record intense dynamics of recent

local extinctions and colonizations that go back to the

collections made by Paul Fryxell. In spite of their integ-

rity, these metapopulations are connected through long

distance migration events. In particular, through the

assessment of transgene presence, we were able to detect

recent gene flow, which supports the connectivity of

these metapopulations. This scenario of long distance

colonization, the existence of metapopulations, and the

presence of transgenes at its CCO calls for conservation

efforts both in situ and ex situ. These types of endeavours

rely upon preservation of the habitat currently occupied

by wild cotton plants or on opening up of new habitats

for wild cotton colonization. The metapopulation per-

spective must be kept in mind (Meirmans et al. 2003), as

‘metapopulation persistence relies on the existence of a

certain amount of suitable but currently unoccupied hab-

itat’ (Freckleton & Watkinson 2002, 2003). Coastal dunes

appear to be particularly important areas in this respect.

In addition, demographic studies of wild cotton popula-

tions, documentation of spatio-temporal patterns of seed

and pollen dispersal, and rates of cross-pollination

among wild individuals should also be the basis for

guiding these conservation efforts.
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