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Abstract
Understanding the genetic composition and population structure of plant species at a molecu-

lar level is essential for the development of adequate strategies aimed at enhancing the

conservation and use of their genetic resources. In addition, such knowledge can help to

plan ahead for a scenario under which wild and cultivated species come into contact with

their genetically modified (GM) counterpart(s). Using ten simple sequence repeat markers,

we genotyped 409 samples pertaining to the species in the Manihot genus known to occur

in Colombia, i.e. cassava (Manihot esculenta) and its wild relatives Manihot brachyloba,

Manihot carthaginensis and Manihot tristis. High genetic variation was observed in all the

species (HE ¼ 0.212–0.603), with cassava showing highest diversity. Most of the genetic

variation was found within species populations. Our results suggest that outcrossing events

among populations occur much more frequently in M. tristis and M. esculenta, and particularly

so in the latter, where the exchange of varieties among local farmers plays a key role in main-

taining and introducing new genetic diversity. The occurrence of gene flow within and among

populations of Manihot species in Colombia becomes relevant in a biosafety context, where

gene flow from GM cassava, if introduced to the country, might have detrimental effects on

the structure and dynamics of populations of wild species. The baseline information on the

genetic diversity and structure of the four Colombian species that we have presented here

provides a first and indispensable step towards the development of targeted interventions

necessary to preserve their genetic resources.
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Introduction

The Manihot genus includes 98 species distributed

through the Neotropic (Rogers and Appan, 1973).

In Colombia, the wild species Manihot brachyloba

Müll.Arg., Manihot carthaginensis (Jacq.) Müll.Arg.,

Manihot tristis Müll.Arg. are known to occur alongside

cultivated cassava (Manihot esculenta Crantz). Cassava

is an allogamous species native to South America

(Allem, 1994; Olsen and Schaal, 1999). It ranks fourth

among the principal carbohydrate sources in the

tropic, and is the sixth most important crop for the

human diet, providing food to approximately one

billion people from 105 countries. The wide distribution* Corresponding author. E-mail: edutovar@gmail.com
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and importance of this crop relates to its resilience to

abiotic stress factors and the low requirements for its

production, allowing its cultivation in low-fertility soils

(Food and Agriculture Organization (FAO), 2008;

Montagnac et al., 2009).

The combination of cassava’s adaptive traits, its

importance in terms of food security of rural populations

around the world, and its promising industrial

applications, have attracted attention to the generation

of genetically modified varieties with beneficial traits,

from high b-carotene content to the quality of the

starch (Ihemere et al., 2006; Sayre et al., 2011). While

research in Colombia on the development of genetically

modified (GM) cassava is ongoing, no variety has been

released in the country to date. However, if GM cassava

were to be released in Colombia there is high probability

of introgression of genetically modified organisms

(GMO) genes into its wild relatives and traditional culti-

vars through gene flow, owing to the crop’s predominant

allogamous nature with pollination mediated by insects

(Kawano, 1980), high outcrossing rates from 60 to 100%

(Kawano, 1980; Meireles da Silva R et al., 2003), and

the possibility of producing interspecific hybrids

(Nassar, 2003). To allow the development of a proper

risk management strategy, the establishment of a genetic

baseline of the wild relatives of cassava in Colombia is

indispensable. The characterization of species at a mol-

ecular level is an essential step of programmes aimed at

developing conservation and use strategies of biological

resources. Just as artificial selection has played a key

role in the transformation of wild plants into their culti-

vated forms, similarly the introduction of GM varieties,

could through gene flow and introgression of alien

genes, influence the evolutionary and population

dynamics of their wild relatives and traditional cultivated

forms. Determining where and how (ex situ or in situ) to

conserve is crucial to maintain the genetic variation of the

species. In this study, ten simple sequence repeat (SSR)

markers were used to assess the genetic diversity and

population structure of the Colombian species M. brachy-

loba, M. carthaginensis, M. tristis and M. esculenta.

Materials and methods

Plant material

A total of 409 samples were collected over a period of

three years (2009–2011) for the four taxa, taking into

consideration previous reports on the distribution of

Manihot species in Colombia, and ecological niche mod-

elling (potential distribution) based on those reports. The

geographical coverage included 12 of the 32 departments

of Colombia (Table 1).

For the study, 180 controls provided by the Genetic

Resources Unit of the International Center for Tropical

Agriculture (CIAT) were used, corresponding to: 31 of

M. esculenta ssp. flabellifolia and 32 of M. tristis from

Brazil; 18 of M. carthaginensis of Colombia; and 99 of

M. esculenta from 13 countries of Latin America, Africa

Table 1. Location and number of samples of Manihot species collected in Colombia

Species Department Predominant natural region Number of samples

Manihot brachyloba Antioquia Andean 40
Caldas Andean 24
Casanare Orinoquia 10
Choco Pacific 23
Cundinamarca Andean 18
Meta Orinoquia 26
Vichada Orinoquia 16
Total 157

Manihot carthaginensis Antioquia Andean 38
La Guajira Caribbean 15
Magdalena Caribbean 30
Total 83

Manihot esculenta Amazonas Amazon 18
Antioquia Andean 16
Caldas Andean 2
Casanare Orinoquia 37
Meta Orinoquia 3
Vaupes Amazon 52
Total 128

Manihot tristis Vichada Orinoquia 41
Total 41
Grand total 409
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and Asia. The high number of controls was used to con-

firm the taxonomic status of the collected samples and to

identify possible hybrids.

DNA extraction and SSR amplification

DNA extraction from leaf tissue was carried out using

the DNeasyw Plant Mini Kit system from QIAGEN

(Germantown, Maryland, USA). Total DNA quality was

verified through visualization by electrophoresis in 0.8%

agarose gels stained with SYBRw Safe, Life Technologies

(Carlsbad, California, USA). DNA concentration was

determined by quantification using the BioPhotometer

Eppendorfw (Hamburg, Germany) spectrophotometer.

The samples were genetically characterized by means of

the following ten SSRs developed and studied by Mba et al.

(2001) and Raji et al. (2009a): SSRY164, SSRY161, SSRY59,

SSRY21, SSRY175, SSRY5, SSRY20, C283Y, MEESR15, and

MEESR60. Amplification of the SSRs was carried out using

a PTC-100TM thermal cycler (Programmable Thermal

Controller; Bio-Rad Laboratories, Inc. (Hercules, California,

USA)). The PCR profile included a first cycle of denaturation

at 948C for 5min, followed by 35 cycles at 948C for 30 s,

annealing T8 (specific for each pair of primers) for 25 s,

and 728C for 30 s, and a final extension cycle at 728C for

10min. The reaction mixture, with a final volume of 13ml,

contained 20ng of DNA of the sample, 1X buffer (Tris–HCl

100mM, KCl 500mM), 1.5mM of MgCl2, 0.18mM of each

deoxynucleoside triphosphate (dNTP), 0.24mM of each

primer, and 0.5U of Taq polymerase. The PCR products

were visualized in 6% acrylamide gels, 7.5M of urea, stained

with silver nitrate (Bassam et al., 1991). Allele sizes were

visually determined through comparison with the 10bp

DNA ladder (Invitrogene Corporation, Carlsbad, CA, USA).

Statistical analysis

Principal Coordinate Analyses (PCoA) based on the Nei

genetic distance matrices were undertaken with the

cmdscale function available in version 1.3 of the gstudio

package (Dyer, 2014) for R software for statistical

computing version 3.1 (R Core Team, 2014). Hierarchical

cluster analysis was carried out with the hclust function

using the unweighted pair group method with arithmetic

mean. We used the Kelley–Gardner–Sutcliffe penalty

function (KGS) (Kelley et al., 1996) for hierarchical trees

implemented in the kgs function of the maptree package

(White and Gramacy, 2012) to suggest the optimal

number of clusters or populations in the data set.

The FSTAT program version 2.9.3 (Goudet, 2001) was

used to calculate genetic diversity parameters, average

number of alleles per locus (A), observed heterozygosity

(HO), expected heterozygosity or average genetic diversity

(HE), total heterozygosity (HT), coefficient of differentiation

(GST and FST) and inbreeding coefficient (FIS).

Analysis of the distribution of variation at different levels

within the data set of each species was calculated with the

ARLEQUIN program version 3.5 (Excoffier and Lischer,

2010) using the analysis of molecular variance (AMOVA)

with 1000 permutations. Likewise, correlations between

genetic (FST) and geographical distance (calculated from

the geographical coordinates) matrices of the populations

of the species were assessed using ARLEQUIN by means

of Mantel tests with 10,000 permutations.

We calculated an indirect estimate of gene flow based

on the equation Nm ¼ (1 2 GST)/4GST (Slatkin and

Barton, 1989), where Nm is the estimated number of

migrants per generation.

Polymorphism information content (PIC) values

(Botstein et al., 1980), as a measure of the informative-

ness of a genetic marker, were calculated for each locus

according to the following formula:

PIC ¼ 1 2
Xn

i¼1

P2
i 2 2

Xn21

i¼1

Xn

j¼iþ1

P2
i P2

j ;

where Pi ¼ allele frequency of the marker and n ¼

number of different alleles.

Results

The ten SSRs used in this study, across all 409 samples,

registered a very high (0.816) average value of PIC,

ranging from 0.629 (MEESR60) to 0.903 (SSRY161).

Lower values were obtained at individual species level

(Supplementary Table S1, available online). M. esculenta

showed the highest average PIC value (0.622), with

values of individual loci ranging between 0.221 (C283Y)

and 0.868 in (SSRY175). The PIC values for M. brachyloba

ranged between 0.090 (MEESR15) and 0.911 (SSRY5),

with an average of 0.569. M. carthaginensis yielded an

average value of 0.420 and a range between 0.060

(MEESR15) and 0.785 (SSRY21). The lowest average PIC

value of 0.233 was obtained for M. tristis, which relates

to the low number of alleles per locus observed in the

species: in four cases only one allele was found, resulting

in a PIC value of 0. Nevertheless, the highest value was

0.806 for locus SSRY5 with 12 alleles.

Genotyping of all 409 individuals with the ten SSRs

yielded a total of 195 different alleles, with an average

of 19.5 alleles per locus. The lowest number of

alleles (10) was observed for locus MEESR60, and the

highest number (31) for locus SSRY161. At species level

(Supplementary Table S1, available online), highest

allele richness was observed for M. esculenta (107 alleles;
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range from 6 (C283Y) to 18 (SSRY175)). Followed by

M. brachyloba (95 alleles; range from 2 (SSRY21) to

22 (SSRY5)) and M. carthaginensis (67 alleles; range

from 2 (MEESR15) to 13 (SSRY161)). Lowest alleles

richness was found for M. tristis with a total of 34 alleles,

ranging from 1 (SSRY59, SSRY175, SSRY20, C283Y) to

12 (SSRY5).

To explore the relationships among the different

Manihot species considered in this study, we first car-

ried out a PCoA based on all individuals, including

the control samples. The first axis (PCoA 1) of

Fig. 1(a), explaining 24.1% of the total variation in

data, separates the different species relatively well.

However, there is a clear overlap between the
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projection of individuals pertaining to M. esculenta ssp.

flabellifolia (controls), M. esculenta (samples and con-

trols) and M tristis samples from Brazil (controls).

Also the separation of cultivated and wild species was

relatively well marked, with a tendency for cultivated

species to be projected on the right and wild on the

left hand side of the graph. The wild species studied

are separated along the second axis (PCoA 2), which

explains 19.4% of the total genetic variation. In a

PCoA scatterplot without control samples (Fig. 1(b)),

the samples are clearly divided into four discrete

groups, corresponding to the species studied.

At the species level, the KGS analysis suggested the

separation of the M. brachyloba individuals in four

clusters (Fig. 1(c)): the first one composed of samples

from the departments of Choco, Cundinamarca and

Meta (P1); the second one of samples from Antioquia

and Caldas (P2); the third one of individuals from

Casanare (P3); and the fourth one of specimens from

Vichada department (P4). The first PCoA axis, explain-

ing 38.3% of the total genetic variation, differentiates

the ensemble of populations P1 and P2 from both

populations P3 and P4. The differentiation of popu-

lations P1 and P2 is apparent along the second axis,

which explained 20.4% of the total genetic variation.

For M. carthaginensis, the KGS analysis identified

three clusters (Fig. 1(d)): a first group composed of

samples from the department of Guajira (P1), a

second one of individuals from Guajira and Magdalena

(P2), and a third one of samples from Antioquia (P3).

Populations P1 and P2 are separated from population

P3 along the first PCoA axis, which explained 37.3%

of the total variation. Separation of populations P1

and P2 is evident along the second axis, which explains

17.9% of the total variation.

The M. esculenta were grouped into four clusters

(Fig. 1(e)) but unlike the two previous species, clear sep-

aration of the individuals according to their department

of origin was not observed. Population P1 included

individuals from Amazonas, Casanare and Vaupes;

P2 individuals from Antioquia, Amazonas, Caldas, Casa-

nare and Meta; and P3 and P4, samples from Antioquia.

Fig. 1. Principal Coordinate Analysis (PCoA) and sample distribution of the Manihot species studied. (a) All species þ
controls. Controls of the species studied in grey colour, (b) Manihot species of Colombia, (c) Manihot brachyloba,
(d) Manihot carthaginensis, (e) Manihot esculenta and (f) Manihot tristis. Shaded areas in the graph indicate populations
suggested by the KGS analysis.
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The first PCoA axis explains 18.8% of total genetic

variation and differentiates population P1 from the

remaining ones, while the latter ones are separated

along the second axis, explaining 13% of total variation.

Three populations were identified in the M. tristis

samples, all originating from the department of Vichada

(Fig. 1(f)). Total variation explained by the first and

second PCoA axes was 30 and 24.9%, respectively.

Of all species studied, M. esculenta showed the high-

est average values of observed (HO ¼ 0.564), expected

(HE ¼ 0.603) and total heterozygosity (HT ¼ 0.792).

The different populations identified in this species

showed no major differences in HE scores, which

ranged from 0.554 (P1) to 0.693 (P3). Accordingly,

high genetic diversity levels were detected for all the

loci, ranging between 0.375 (C283Y) and 0.789

(SSRY164). For M. brachyloba average HO, HE and HT

were 0.255, 0.406 and 0.708, respectively (Supplemen-

tary Table S1, available online). Within populations,

average HE ranged between 0.261 (P4) and 0.493

(P3); and within loci, it varied between 0.105

(MEESR15) and 0.574 (SSRY5). In M. carthaginensis,

average HO, HE and HT values were 0.244, 0.355 and

0.511. Population P1 was least diverse (HE ¼ 0.215)

and population P3 was most diverse (HE ¼ 0.463). HE

per locus ranged between 0.663 (C283Y) and 0.056

(MEESR15). Compared with the other species studied,

M. tristis evidenced the lowest values of diversity par-

ameters, with average values for HO, HE and HT of

0.191, 0.212 and 0.258, respectively. These low scores

are mainly because four of the ten SSR markers

were monoallelic, and because two additional

markers detected variability only in one of the three

populations. Hence, only four markers revealed hetero-

zygosity in all the populations established. The highest

HE value was found for SSRY5 (0.783). P3 was the most

diverse population (HE ¼ 0.252), while P2 was the least

diverse (0.172).

With respect to genetic structure, for M. brachyloba

(Table 2) the results of an AMOVA indicated that most

of the genetic variation (62.8%) occurred within the

populations identified with KGS analysis, and 37.2%

among them. The high FST value (0.372) (Supplementary

Table S1, available online) suggested large genetic vari-

ation between the populations considered. Similarly, a

high and positive FIS value was observed (0.437). The

value of the estimated migrants (Nm) was low (0.337),

which could be related to isolation by distance, as con-

firmed by the strong and significant correlation between

genetic and geographical distance (r ¼ 0.71, P ¼ 0.04)

calculated by a Mantel test. Also for M. carthaginensis,

most of the genetic variation was found within the popu-

lations (65.0%; Table 2), but still more than one third

(35.0%) of the variation was attributed to the differen-

tiation among populations. A high and positive FIS

value (0.358) (Supplementary Table S1, available

online) and a low Nm (0.567) were also observed.

While the Mantel test indicated a very strong correlation

between genetic and geographic distance (r ¼ 0.99), it

was not significant (P ¼ 0.16); hence, there was no iso-

lation effect derived from distance. With respect to

M. esculenta, only a minor of genetic variation (13.8%;

Table 2) was observed among populations, and the

large majority within populations (86.3%). The average

FIS for this species was low (0.049) (Supplementary

Table S1, available online) and the Nm was higher

(1.059), compared with the previous species. A Mantel

test showed a very weak and non-significant correlation

(r ¼ 20.02, P ¼ 0.36) between the genetic and geo-

graphical distances of the populations. For M. tristis,

moderate genetic differentiation among populations

was noticed (FST ¼ 0.178) (Supplementary Table S1,

available online). Most of the genetic variation (82.23%;

Table 2) was found within populations. As for

M. esculenta, FIS observed in M. tristis was low (0.085)

(Supplementary Table S1, available online) while the

Table 2. AMOVA results for individuals of Manihot species based on ten SSR

Species Partitioning
degrees of

freedom (df) Sum of squares
Variance
components

Percentage of
variation

Manihot brachyloba Among populations 3 257.084 1.240 37.18
Within populations 310 645.455 2.094 62.82
Total 313 902.539 3.334

Manihot carthaginensis Among populations 2 89.863 0.852 34.99
Within populations 163 256.312 1.583 65.01
Total 165 346.175 2.435

Manihot esculenta Among populations 3 75.443 0.464 13.75
Within populations 252 732.608 2.909 86.25
Total 255 808.051 3.373

Manihot tristis Among populations 2 13.265 0.227 17.77
Within populations 79 82.870 1.052 82.23
Total 81 96.135 1.280
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Nm was the highest (1.703) among all the species, which

could be associated with the geographical closeness of

the populations.

Discussion

Overall, the markers used in this study evidenced

high PIC values, demonstrating their ability to discrimi-

nate among species and populations at intraspecific

level. In the specific case of M. esculenta, the PIC

values obtained here (0.221 (C283Y)–0.868 (SSRY175),
�X ¼ 0.622) are within the range of previous studies. In

a study of cassava germplasm, Kawuki et al. (2009)

reported PIC values within a range of 0.358–0.759 with

an average of 0.571. Similarly, Turyagyenda et al.

(2012) found an average PIC value of 0.611 for cassava

landraces from Uganda.

Relationship of control samples and Manihot species
of Colombia

The PCoA carried out with the four species analysed,

along with the controls (Fig. 1(a)), showed a trend of

wild species samples from Colombia to form discrete

groups, while the cultivated one was grouped with

control samples corresponding to the wild species

M. esculenta ssp flabellifollia and M. tristis from Brazil.

A clearer separation of all the four Colombian Manihot

species was observed in the PCoA without the controls

(Fig. 1(b)), confirming their status as separate species.

Similar observations of wild Manihot species showing a

tendency to separate from cultivated varieties have

been made in previous studies (Roa et al., 1997; Elias

et al., 2000, 2004). This pattern is consistent with the

hypothesis of a limited, or even unique, domestication

event in a restricted area, followed by the dispersion of

cultivated phenotypes (Elias et al., 2000). Phylogenetic

studies conducted by Schaal et al. (1997), Olsen and

Schaal, 1999, 2001) and Olsen (2004) have confirmed

Allem’s (1994) hypothesis that suggests M. esculenta

ssp. flabellifolia occurring in southern Amazonia, as the

wild progenitor of cultivated cassava. The close relation-

ship observed between the species M. esculenta and

M. esculenta ssp. flabellifolia in this study supports this

hypothesis.

The clustering of M. tristis control samples from

Brazil with those of M. esculenta and M. esculenta ssp.

flabellifolia suggests that the M. tristis specimens from

Colombia and Brazil may be different enough to be

classified as two different species, or at least as two

distinct sub-species. On the other hand, according to

Allem (1994) and Allem et al. (2001), the M. tristis

species from the Brazilian region is considered a

synonym of M. esculenta ssp. flabellifolia placing it in

the M. esculenta complex, in agreement with what was

observed in the PCoA (Fig. 1(a)).

Genetic diversity and gene flow

We found high levels of intraspecific genetic diversity for

all the species studied. While the lowest scores of all

genetic diversity parameters were observed for M. tristis

(HE ¼ 0.212, HT ¼ 0.258, A ¼ 3.4), these may still be con-

sidered high when taking into account the number of

samples studied, which was the lowest of all species

here considered. The considerably high HE value

(0.603) obtained for M. esculenta, the highest of all

species analysed, is in agreement with previous findings

by Kawuki et al. (2009) who studied germplasm from

Asia, Africa and America and found a HE value of 0.615

for samples from the Americas. Another study on germ-

plasm from different countries in Africa yielded a similar

HE value of 0.630 (Raji et al., 2009b). Similarly, Turya-

gyenda et al. (2012) reported an average HE value of

0.661 in landrace varieties from Uganda. The average

number of alleles per locus in cassava obtained in this

study (10.7) was higher than that of previous studies.

Montero-Rojas et al. (2011) reported 7.15 alleles per

locus in a study on cassava from Puerto Rico. Fregene

et al. (2003) found alleles number equivalent to 6.0 and

5.2 for landraces of Colombia and Brazil, respectively.

Likewise, Turyagyenda et al. (2012) observed an average

number of 5.9 alleles per locus in landrace varieties from

Uganda. The foregoing evidences a high allelic richness

in the loci sampled within the Colombian populations.

Regarding the population structure of M. brachyloba

and M. carthaginensis observed in the PCoA

(Fig. 1(c and d)), samples tended to group according

to their geographical origin and their relative proximity.

The congruence between the geographical distribution

of populations and their genetic differentiation is gener-

ally related to constrained gene flow between them

(Schaal et al., 1998). M. brachyloba displayed a highly

significant pattern of isolation by distance, meaning

that the reduced or almost inexistent gene flow

between populations at larger distances may have led

to the stochastic differentiation among them due to a

genetic drift (Ellstrand and Elam, 1993). The high FST

value, along with the low gene flow (Nm), observed

in M. brachyloba, is consistent with the possibility

that genetic drift has been the main modelling force of

the current genetic structure of the species. In the case

of M. carthaginensis, although the strong correlation

(r ¼ 0.99) between the geographical and genetic

distances of the populations was not significant, similar
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FST and Nm values were found as for M. brachyloba,

which could suggest that the process of genetic differ-

entiation by distance of M. carthaginensis populations

is still ongoing. Despite the fact that FIS values were

high and positive for the previous two species, indicat-

ing high levels of inbreeding within the populations

identified by the KGS analysis, it is important to take

into account that many of the individuals within these

groups were separated by long distances, in some

cases hundreds of kilometres. However, if there were

no gene flow between individuals of M. brachyloba

and M. carthaginensis it probably would have an

impact on the heterozygosity of these; nevertheless,

they were high for both species. Our results would

suggest the occurrence of gene flow among individuals

of previous species but at a much smaller scale than

the proposed for the analysis, occurring mainly

between neighbouring individuals, thus implying the

predominance of an open reproductive system in

these crop wild relatives.

Originating from more compact, geographically

closer populations, the M. tristis samples seemed to be

well connected by gene flow both among and within

populations, as suggested by the high number of

migrants (Nm ¼ 1.703) and the low level of inbreeding

(FIS ¼ 0.085) observed, respectively. To assess the effect

of geographic distance of individuals within populations

on FIS estimator, we calculated anew the inbreeding coef-

ficient for M. brachyloba and M. carthaginensis, this time

establishing populations based on their geographical

origin and closeness. Results revealed a decrease in the

FIS value, obtaining 0.244 and 0.265, respectively. These

results suggest that the relationships among individuals

and populations of species, mediated by gene flow,

may show different patterns depending on the spatial

scale they are assessed.

In M. esculenta, the heterozygotic nature of the species

and its elevated levels of gene flow among and within the

populations were confirmed by the FST, FIS, and Nm

values, consistent with observations in the PCoA scatter

plot (Fig. 1(e)), where projections of samples from differ-

ent regions of the country tended to cluster together,

without forming apparent sub-populations. The existence

of elevated gene flow in cassava has been previously

demonstrated in genetic diversity studies conducted in

different countries around the world, (Fregene et al.,

2003; Siqueira et al., 2009; Montero-Rojas et al., 2011;

Kawuki et al., 2013). The high variability and gene flow

in cassava could be associated mainly with two factors.

First, there is the allogamous nature of the species.

Even though cassava varieties are essentially vegetatively

propagated, the production of voluntary seedlings

generated from sexual reproduction is frequently

incorporated by farmers in their crop gene pool, thus

favouring the recombination and production of new

genotypes which are subsequently subjected to natural

and artificial selection pressures. This traditional practice

helps to maintain genetic diversity and counters genetic

erosion (Elias et al., 2001; Pujol et al., 2005). Second,

there is the exchange of cassava varieties among local

farmers, which can play a key role in promoting and

preserving the genetic variability of cassava populations.

This factor has been shown to have a strong impact on

the diversity of landraces, as has been reported in

previous studies with different ethnic groups (Salick

et al., 1997; Elias et al., 2000; Sambatti et al., 2001). In

addition, the great interest of local farmers to acquire

new landraces and the fact that they seldom discard

unproductive varieties with the argument that these

may have a higher productivity in other environments,

leads to a high varietal diversity on their farms (Elias

et al., 2000). Clearly, the exchange of varieties and the

incorporation of volunteer seedlings strongly contribute

to maintain and augmenting genetic variability among

and within crops on smallholder farmers’ fields.

GM cassava and the conservation of landraces and
wild relatives

The potential impact of transgene introgression on the

genetic structure and population dynamics of wild rela-

tives, if GM cassava cultivated were to be permitted in

Colombia, would be determined essentially by time,

since the effect and the level of fixation of genes in popu-

lations are related to the adaptive advantage they confer

to the species. According to the results of our study, the

gene flow between genetically improved cassava var-

ieties and wild relatives is a feasible event. Although

little scientific information exists about the exchange of

genes among species in the Manihot genus, many plant

breeders have shown that cassava can be crossed with

several of its wild congeners, thus overcoming reproduc-

tive barriers (Rogers and Appan, 1973; Byrne, 1984;

Asiedu et al., 1992; Wanyera et al., 1992; Blair et al.,

2007). In addition, based on molecular evidence, Duputié

et al. (2007) confirmed the existence in nature of fertile

hybrids between cassava and its wild relative M. escu-

lenta ssp. flabellifolia at several locations in French

Guiana. In the case of M. carthaginensis, a frequently

used species in cassava breeding (Chavarriaga et al.,

2004), natural hybrid populations of both species have

been found in Africa, based on morphological and iso-

zyme marker studies (Wanyera et al., 1992; Lefevre and

Charrier, 1993). The uncertainty associated with the

possibility of gene flow from GM cassava to its wild rela-

tives and the potential effect thereof, calls for the

development of strategies to preserve the current gene
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pool of wild Manihot species in Colombia if GM cassava

were to be released. To achieve this establishing

the genetic diversity and population structure of wild

species, which we have attempted to do in this study,

is an indispensable step. Our results indicate the exist-

ence of high genetic diversity in wild Manihot species

in Colombia, which are significant taking into consider-

ation the small size of the populations. Aside from poten-

tial future threats of pollution with transgenes, also the

current population sizes of the wild species make them

more sensitive to losing genetic variation, e.g. through

the effects of the random genetic drift and natural selec-

tion (Milligan et al., 1994). Thus, actions should be

undertaken in the short-term in order to preserve these

species’ genetic resources.

Finally, the practice of exchange of cassava landraces

among local farmers, combined with the allogamous

nature of the species, could itself constitute an effective

mechanism to facilitate gene flow, not only within popu-

lations but also among populations separated by large

distances. This may be an efficient manner to maintain

the variability within the species. However, within a bio-

safety context this practice may also bear risks since it

could be the ideal mean for the dispersion of transgenes.

In addition, the absence of a genetic barrier between GM

cassava and traditional landraces, along with the wide

distribution of the latter, are factors that may increase

the risk of contact between wild and landrace popu-

lations contaminated with transgenes.
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