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Abstract Lima bean (Phaseolus lunatus L.) is an

important crop in traditional Mayan agriculture of

the Yucatan Peninsula, Mexico, its Mesoamerican

center of diversity. Genetic erosion in this species

is currently a threat in this region out of 3 of 21

landraces dominate 71.24% of the cultivated area, and

12 are rare landraces grown only in 6.29%. Using 90

ISSR loci, we estimated the diversity and genetic

relationships for 21 landraces to analyzing their

risk of genetic erosion, and generate data for their

in situ conservation. Total genetic diversity was high

(h = 0.29), however it was lower than wild gene pool

reported (h = 0.69). The abundant landraces had

genetic diversity values lower (h = 0.13, I = 0.17)

than the common (h = 0.26, I = 0.33) and rare

landraces (h = 0.24, I = 0.27). However, the rare

landraces are in a higher risk of genetic erosion

due to local extinction. The cluster analysis showed

no groups corresponding to morpho-phenological

characteristics, geographic origin or traditional clas-

sification, which resulted from high inter-landraces

gene flow levels. The molecular data confirmed that

the domesticated Lima bean pool of the Yucatan

Peninsula has a high risk of genetic erosion. If current

tendencies in landrace cultivation continue, many will

no longer be planted within two to three generations,

with a consequent loss of their alleles. Programs

urgently need to be established for in situ conserva-

tion of Lima bean landraces in this region.
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Introduction

According to Rural Advancement Foundation Inter-

national (RAFI), agriculture worldwide has lost three-

quarters of the genetic diversity in major food

crops and this erosion continues at an annual rate of

1–2% (Mazhar 1997). Genetic erosion is the loss or

reduction of genetic diversity between and within

populations of the same species over time (Jarvis et al.

2000), and most often results from agricultural,

economic and social changes (FAO 1996). In culti-

vated species this phenomenon has been evaluated at

the landrace level (Tsegaye and Berg 2007; Hammer

and Laghetti 2005) as this is the primary available

genetic pool for hybridization and genetic improve-

ment programs (Harlan and de Wet 1971). It is

believed that the loss of landraces generates erosion at

the allelic level (Upadhyay and Sthapit 1998). Genetic

erosion is a significant issue in crop domestication

areas since them: (a) concentrate the highest genetic
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diversity; (b) traditional producers conserve ancestral

landraces, along with the knowledge and cultural

practices that created this diversity; and (c) there

exist inter-reproductive wild-weedy-domesticated

complexes, favoring wild-domesticated gene flow

(Bellón and Taylor 1993; Brush 1991). Mexico forms

part of the Mesoamerican center of domestication

(Vavilov 1926). The ecological, productive and

cultural conditions of traditional agroecosystems in

Mexico have helped to conserve a large number of

domesticated species. These conditions have also

maintained these species as part of a dynamic scenario

for development of new crops and species evolution,

both of which are processes that favor high levels of

variation and genetic contact with wild relatives

(Hernández-Xolocotzi 1973).

Lima bean is a common crop among many

indigenous groups in the Americas. Its primary

genetic pool has wild (P. lunatus var. silvester

Baudet) and domesticated (P. lunatus var. lunatus)

forms (Baudet 1977). It is divided into two main

groups: the Mesoamerican and Andean, and a small

group of intermediate genotypes (Gutiérrez-Salgado

et al.1995; Fofana et al. 1997; Caicedo et al. 1999;

Lioi and Galasso 2002). Three cultigroups (cv-gr) are

recognized in the cultivated forms (Baudet 1977): (1)

Potato, with small and round seeds; (2) Sieva, with

medium sized and kidney-shaped seeds; and (3) Big

Lima, with large and flat seeds. The Potato and Sieva

cultigroups represent the Mesoamerican gene pool

and the Big Lima represents the Andean.

In Mexico, Lima bean is the fourth main crop for

the Maya of the Yucatan Peninsula. It is planted into

the traditional Mesoamerican agricultural system

known as the ‘‘milpa’’. It is based on the traditional

farming system, where the vegetation is cyclically

slashed and burned to plant crops in the area during a

period of 2–4 years and then left on fallow for the

next 5–15 years when a new cycle can be initiated

(Hernández-Xolocotzi 1959). The Yucatan Peninsula

has the highest morphological variation of landraces

in the country (Ballesteros 1999) and is within the

putative domestication area of the Mesoamerican

genetic pool (Gutiérrez-Salgado et al. 1995). To date,

the genetic diversity of the cultivated gene pool of

this region has been studied using morphological and

phenological markers (Ballesteros 1999; Martı́nez-

Castillo et al. 2004), but no molecular data exist nor

there are any studies associating these data to in situ

conservation of this gene pool. Martı́nez-Castillo

et al. (2004), in a sample of 160 Mayan producers

from the four main areas of traditional agriculture in

the Peninsula, they found that out of 25 landraces

planted, three accounted for 71.24% of the cultivated

area. Most of the remaining 22 landraces were rare,

meaning each accounted for less than 2% of the

cultivated area; in many cases they were grown by a

single producer. This situation puts this species at

serious risk of genetic erosion, which is increased by

three factors: (1) environmental factors such as

drought and hurricanes have led to loss of seed; (2)

intensification of the traditional Mayan agriculture,

which displaces cultivation of these landraces; and

(3) increasing rural population and socioeconomic

changes have led to migration of Mayan producers to

tourist centers, with consequent abandonment of

agricultural activity and changes in the traditional

Mayan diet (Cuanalo and Arias 1997; Ku-Naal 1995;

Reyes and Aguilar 1992).

In the Yucatan Peninsula, inter-landrace gene flow

and natural introgression of wild alleles may prevent

the genetic erosion of Lima bean landraces. Martı́nez-

Castillo et al. (2004) reported the planting of up to

seven landraces in a single milpa and existence of a

wide variety of hybrid seeds. Using eight microsat-

ellite markers (SSR), Martı́nez-Castillo (2005)

observed very high gene flow levels between land-

races in each of the studied agricultural regions of the

Peninsula. Martı́nez-Castillo et al. (2006) reported

high genetic diversity levels in the region’s wild pool

and Martı́nez-Castillo et al. (2007) documented wild-

domesticated gene flow and weedy forms derived

from this flow. Weedy forms have been reported

previously (Debouck 1979; Ballesteros 1999). Natu-

ral wild-domesticated introgression has played a vital

role in the evolution of domesticated species and

continues to be an important factor in increasing

genetic diversity in modern crops (Arnold 1992;

Harlan 1965; Quiros et al. 1992; Slatkin 1987).

The Inter-Simple Sequence Repeats (ISSR) tech-

nique allows detection of polymorphism without

previous knowledge of DNA sequences. This domi-

nant molecular marker involves polymerase chain

reaction (PCR) amplification of DNA using a single

primer composed of a microsatellite (SSR) sequence,

anchored at the 30 or 50 end by two to four arbitrary,

often degenerate, nucleotides (Zietkiewicz et al.

1994). Unlike codominant markers such as SSR, the
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heterozygote cannot be directly distinguished from the

dominant homozygote phenotype (band) at individual

loci and consequently, the estimation of allele fre-

quencies from dominant markers presents some

statistical difficulties (Lynch and Milligan 1994).

These difficulties have been resolved using new

methods as Bayesian ones (Zhivotovsky 1999) and

better estimators for the analysis of dominant markers

(Krauss 2000; Lynch and Milligan 1994; Nybom

2004). On the other hand, Kimberling et al. (1996)

suggested to use a big number of loci. In relation to this,

Kremer et al. (2005) using AFLP dominant markers,

show that the monolocus estimation of gene diversity

has the potential to vary strongly with variations in the

fixation index, but that the multilocus estimate is rather

robust to deviations in Hardy–Weinberg equilibrium,

due to a mechanistic effect of compensation between

negative and positive biases of genetic diversity

estimates for different AFLP loci exhibiting contrast-

ing frequencies of the null homozygote.

Since Zietkiewicz et al. (1994) invented the ISSR

technique, it have proven to be a rapid, simple and

inexpensive way to assess structure and genetic

diversity (Culley et al. 2007; González et al. 2005;

Payro de la Cruz et al. 2005), to analyze genetic

relationships among cultivars (Prevost and Wilkinson

1999; Martins et al. 2003), and to study evolutionary

processes (Galván et al. 2003; Zizumbo-Villarreal

et al. 2005). In the present study, ISSR markers were

used to estimate diversity and the genetic relation-

ships of 21 Lima bean landraces forming part of

traditional Mayan agriculture on the Yucatan Penin-

sula, Mexico, with the objective to analyze their risk

of genetic erosion and to generate molecular data

applicable to their in situ conservation.

Materials and methods

Plant material and DNA extraction

Plant material and data of relative abundance were

those used in Martı́nez-Castillo et al. (2004). These

authors made a study about the intraspecific diversity

and morpho-phenological variation in P. lunatus of

the Yucatan Peninsula, Mexico. They collected seeds

of domesticated populations from the four main areas

of traditional agriculture in the Yucatan Peninsula:

southeast of the Yucatan State (SEYUC); southern

Yucatan State (SYUC); the central-eastern of Quin-

tana Roo State (CEQROO); and the northeast of

Campeche State (NECAMP) (Fig. 1). Using morpho-

phenological and ethnobotanical data, they found 25

landraces with Potato, Sieva and intermediate forms

between these groups, and characterized their abun-

dance relative based on the percentage of cultivated

area and the number of producers using each landrace.

For this study, a total of 21 landraces recognized for

Martı́nez-Castillo et al. (2004) were chosen. Seeds of

these landraces was obtained from the own collection

of the first author. For each landrace a number of

accessions ranging from 1 to 5 was analyzed (Table 1).

Five seeds from each landrace were planted in a

greenhouse at the Centro de Investigación Cientı́fica

de Yucatán (CICY), in Merida, Yucatan, Mexico.

When possible, the seeds were taken from accessions

collected in the four agricultural regions considered

for Martı́nez-Castillo et al. (2004) to provide greater

genetic representativity. Using the CTAB method

(Doyle and Doyle 1987), genomic DNA was extracted

from trifoliate leaves and then DNA of the five plants

of the same landrace was pooled to create a genetic

pool for each landrace.

ISSR analysis

Martı́nez-Castillo (2005) made an exploratory anal-

ysis about the genetic relationships among Lima bean

landraces from Yucatan Peninsula, Mexico, using

ISSR markers and found a big amount of polymor-

phic loci. Previously, he made the same analysis

using SSR markers and found that of 25 loci tested 24

were monomorphic. Considering these results, we

decided to use ISSR markers instead SSR ones.

Each ISSR band was considered as an independent

locus and polymorphic bands were scored as absent (0)

or present (1) for all samples. Only clearly reproduc-

ible bands were scored and differences in band

intensity were not considered. ISSR technique was

done according to González et al. (2005). Four primers

were used: (GACA)3 RG, YR (GACA)3, (GACAG)3

AG and (CACAG)3 RG (Table 2). Each 20 ll ampli-

fication reaction consisted of 10 mM Tris–HCl (pH

9.0), 50 mM KCl, 2 mM MgCl2, 200 lM of each

deoxyribonucleotide phosphate, 1 lM of primer,

1 unit of Taq polymerase (Promega, Madison, WI),

and 20 ng of template DNA. Amplification was

performed in a GeneAmp PCR System 9700 (Applied
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Biosystems, Foster City, USA), under the following

conditions: 4 min at 94�C for the initial step, followed

by 35 cycles of 2 min at 94�C, 1 min at 42 or 54�C

(depending of primer), and 2 min, and followed by a

final step of 5 min at 72�C for final extension. Four

microliter of formamide, containing 0.45% of bromo-

phenol blue and 0.25% of xylene-cianol were added to

each product of PCR. Four microliter of the reaction

mixture were loaded on 320 by 380 by 0.4 mm of 6%

nondenaturing 30:1 bis-acrylamide gels containing

3 M urea and TBE 19 buffer (100 mM Tris–borate,

pH 8.0, 2 mM EDTA) (Zietkiewicz et al. 1994). A

123-bp molecular marker standard was included in

each gel. Electrophoresis was carried out at 300 V

(SQ3 Sequence Hoeffer) and the products of the

amplification were visualized with the technique of

silver staining using the Promega Q4132 kit and

following the instructions of the supplier.

Data analysis

Genetic diversity

The 21 landraces were listed on the basis of the

percentage of cultivated area that a sample of 160

farmers used for each landrace (i.e. number of

accessions). This produced three groups (Fig. 2,

Table 1): (a) abundant landraces, consisting of three

landraces, each grown on more than 16% of the

cultivated area and planted by 10–33 producers in the

four agricultural zones; (b) common landraces,

including six landraces, each grown on 3–5% of the

area and by 5–14 producers (this group included Chak-

petch and Balche, with low percentages but planted by

nine and five producers, respectively); and (c) rare

landraces, consisting of 12 landraces, each planted on

less than 2% of the area and grown by 1–4 producers.

With the objective of compare the Lima bean

genetic diversity present in the Yucatan Peninsula

with the values reported by other studies and with

those observed within each landrace group, genetic

diversity was estimated at two levels: (a) total

domesticated gene pool, and (b) landraces groups.

To avoid common problems associated with the

analysis of dominant data (Culley and Wolfe 2001;

Lynch and Milligan 1994), analyses did not involve

Hardy–Weinberg equilibrium (HWE). It was consid-

ered due to domesticated populations of P. lunatus

from the Yucatan Peninsula are known to deviate

from Hardy–Weinberg equilibrium with co-dominant

microsatellite markers (Martı́nez-Castillo 2005). It

was assumed that there was no co-migration of alleles

Fig. 1 Agricultural regions

where the plant material

analyzed was collected.

SYUC, southern Yucatan;

NECAMP, northeastern

Campeche; SEYUC,

southeastern Yucatan;

CEQROO, central eastern

Quintana Roo
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from different loci, alleles shared by two individuals

descend from a common ancestor and each locus

consisted of only two alleles that segregate in

Mendelian inheritance. The parameters used were:

(1) polymorphic loci percentage (% P), calculated

directly from the data; (2) the Shannon-Weaver

diversity index (I) (Shannon and Weaver 1949)

obtained with the POPGENE ver. 1.31 program

(Yeh and Boyle 1999); (3) Nei genetic diversity (h)

considering the Taylor expansion (Lynch and

Table 1 Local name, culti-group, number of accessions, relative abundance, percentage of cultivated area, and agricultural regions

of 21 landraces of Lima bean (P. lunatus) of the Yucatan Peninsula, Mexico

Local name Culti-group Number of

accessions used

Relative

abundance

% of cultivated

area

Agricultural

regions

Mulición Potato 5 Abundant 29.61 All regions

Sac Intermediate 5 Abundant 25.13 All regions

Putsica-sutsuy Intermediate 5 Abundant 16.5 All regions

Bacalar Sieva 5 Common 5.82 CEQROO

Nuk Sieva 5 Common 4.12 SYUC

Chak-saac Sieva 5 Common 4.1 CEQROO, SEYUC

Mejen Sieva 5 Common 3.00 SYUC

Chak-petch Sieva 5 Common 1.79 CEQROO, SEYUC

Balche Sieva 5 Common 0.92 CEQROO

Box-petch Intermediate 1 Rare 1.85 CEQROO, NECAMP

Balam-pach Potato 1 Rare 1.1 SEYUC

Tsisibal Potato 2 Rare 1.1 SEYUC

Kan Potato 1 Rare 1.01 SEYUC

Chak-mejen Sieva 2 Rare 0.32 NECAMP

Madza-kitam Sieva 1 Rare 0.31 SEYUC

Pool-santo Intermediate 1 Rare 0.26 CEQROO, SEYUC

Tabaco Sieva 1 Rare 0.16 CEQROO

Box-uolis Potato 1 Rare 0.08 CEQROO

Chak-uolis Potato 4 Rare 0.06 CEQROO, SEYUC

Chak-chi Sieva 1 Rare 0.02 SEYUC

Chocolate Sieva 1 Rare 0.02 CEQROO

Agricultural regions: SEYUC, southeastern Yucatan; CEQROO, central eastern Quintana Roo; SYUC, southern Yucatan; NECAMP,

northeastern Campeche

Table 2 Characteristics of four ISSR primers used to estimate the diversity and genetic relationships of P. lunatus landraces from

the Yucatan Peninsula, Mexico

Primer

code

Primer

sequence

Annealing

temperature

(�C)

Number

of

loci

analyzed

Polymorphic

bands

Monomorphic

bands

15 (GACA)3 RaG 42 21 15 6

16 YR (GACA)3 42 16 13 3

30 (GACAC)3

AG

54 20 15 5

32 (GACAC)3

RG

54 33 28 5

a R = A or G
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Milligan 1994) and obtained with the TFPGA

program (Miller 1997). Although in this study was

considered that the data are not in Hardy–Weinberg

equilibrium, based in the results reported by Kremer

et al. (2005) we decided to evaluate average

heterozygosity (H) using the Bayesian approach

proposed by Zhivotovsky (1999). This estimator

was obtained with AFLP-SURV version 1.0 program

(Vekemans 2002). Paired Student t tests were done to

compare I, h and H values between pairs of landrace

groups (a = 0.05) using the Statistica ver. 6.0

program (Statsoft, Tel Aviv, Israel).

Genetic relationships

Genetic relationships among landraces were deter-

mined based on the Nei and Li similarity coefficient

(Nei and Li 1979). This is a good estimator to use with

dominant markers due to it does not use band absences

or assume Hardy–Weinberg equilibrium. Similarity

coefficients between pairs of landraces were

calculated using MVSP ver 3.1 program (Kovach

Computing Services, Pentraeth, Isle of Anglesey,

UK). Genetic relationships were represented by

building a dendrogram using the UPGMA method

(unweighted pair group method with arithmetic mean)

with the NEIGHBOR and CONSENSE programs of

the Phylip package ver. 3.6 (Felsenstein 2005).

Topology robustness was evaluated by selecting the

random 1,000 replication option with replacement

over loci (Felsenstein 1985). Dendrogram was visu-

alized using TREEVIEW program (Page 1996). The

UPGMA results were compared by generating genetic

distances from the binary data of the 21 landraces

using the Gower General Similarity coefficient

(Gower 1966). With these data, a Principal Coordi-

nates Analysis (PCoA) (Gower 1966) was done and

the first and second component values graphed using

the MVSP ver 3.1 program (Kovach Computing

Services, Pentraeth, Isle of Anglesey, UK).

Results and discussion

Genetic diversity

A total of 90 loci were analyzed of which 71 were

polymorphic and 19 monomorphic. Primer 32 had the

largest number of loci (33), the highest level of

polymorphism (Table 2) and the highest number of

specific loci for some of the studied landraces (Fig. 3).

At the total domesticated gene pool level, genetic

diversity was high, and the three estimators showed

similar values (I = 0.33, h = 0.28, H = 0.31)

(Table 3). These results supported the ones reported

by Kremer et al. (2005) showing that H Bayesian

could be a good genetic diversity estimator to

dominant markers when the molecular analyses use

a big number of loci.

Using alloenzymes, Maquet et al. (1997) reported

an h = 0.26 for the P. lunatus base collection of the

Germplasm Bank of the International Center for

Tropical Agriculture (CIAT-Colombia). These

authors stated that this is a significant level and higher

than reported for other plants that, like P. lunatus,

are mixed-mating or short-lived perennial species

(h = 0.12) (Hamrick et al. 1991). Using RAPD

markers, Nienhuis et al. (1995) found a lower genetic

diversity for domesticated Mesoamerican material

(h = 0.11) than that found in the present study. This

difference may be due to the low representativity of the

plant material used by Nienhuis et al. (1995). Casti-

ñeiras et al. (2007), using AFLP molecular markers,

analyzed the genetic diversity of Potato-Sieva land-

races planted in the Cuban home gardens. They

reported a genetic diversity (h = 0.119) similar to

Fig. 2 Groups of Lima bean landraces used in this study. Line

A (abundant landraces): Mulición, Sac, Putsica-sutsuy; line B

(common landraces): Bacalar, Nuk, Chak-saac, Mejen, Chak-
petch, Balche; line C (rare landraces): Box-petch, Balam-pach,

Tsisibal, Kan, Chak-mejen, Madzakitam; line D (rare landrac-

es): Pool-santo, Tabaco, Box-uolis, Chak-uolis, Chak-chı́,
Chocolate. Landraces are named from left to right. Culti-

groups: P (cv-gr Potato), S (cv-gr Sieva), I (intermediate forms

between Potato and Sieva)
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the one reported by Nienhuis et al. (1995). Compared

with these studies, our results could be reflecting the

high genetic diversity maintained by Mayan farmers in

the milpa of the Yucatan Peninsula, Mexico. However,

the studies cited here were made using different

methodologies to collect the plant material (size of

samples, sampling methods, different origin of sam-

ples -field or genebank-), and cautions should be taken.

Compared to the wild gene pool, the domesticated

Lima bean gene pool had lower genetic diversity

values. Using eight SSR loci, Martı́nez-Castillo et al.

(2006) reported an h = 0.69 for wild Lima beans,

which is almost three times higher than observed here

for the domesticated gene pool (h = 0.28). A number

of factors may explain these differences: (a) a

founder effect occurring during the domestication

process, which has been reported for P. lunatus

(Gutiérrez-Salgado et al. 1995) and other cultivated

species (Ladizinsky 1985); (b) a genetic erosion

effect in the domesticated gene pool due to changes

associated with intensification of traditional agricul-

ture during recent decades, as it has been reported for

common bean (P. vulgaris L.) in central Mexico

(Payro de la Cruz et al. 2005; Zizumbo-Villarreal

et al. 2005); and (c) the type of data generated by the

different markers used in this study (ISSR-dominant

Fig. 3 ISSR profiles for the

primer 32 of the Lima bean

landraces. Lanes: 100 bp

ladder (1), Mulición (2), Sac
(3), Putsica-sutsuy (4),

Bacalar (5), Mejen (6),

Chak-saac (7), Nuk (8),

Box-petch (9), Box-petch
(10), Chak-petch (11), Kan
(12), Madzakitam (13),

Pool-santo (14), Chak-
mejen (15), Box-uolis (16),

Chocolate (17), Balche
(18), Tabaco (19), Balam-
pach (20), Chak-chı́ (21),

Tsisibal (22). Bands

remarked in red are specific

loci for that landraces

Table 3 Estimators of

genetic diversity of Lima

bean landraces groups from

the Yucatan Peninsula,

Mexico, using 90 ISSR loci

Groups with the same letter

are not different

significantly (a = 0.05)

Percentage of

polymorphic

loci (% P)

Shannon’s

diversity

index (I)

Nei’s gene

diversity (h)

Average

heterozygosity

(H)

Total domesticated gene pool 78.9 0.33 0.29 0.31

Groups of landraces

Dominant landraces 26.7 0.17 a 0.13 a 0.27 a

Common landraces 58.9 0.33 a 0.26 a 0.37 a

Rare landraces 66.7 0.27 a 0.24 a 0.28 a
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markers) vs. Martı́nez-Castillo et al. (2006) study

(SSR-codominant markers).

At the landrace groups level, the common land-

races had the highest genetic diversity values (except

for % P), although the differences between the three

groups were not statistically significant (Table 3).

The rare landraces group had genetic diversity values

(h and I) slightly lower than the common landraces

group, but higher for % P (Table 3). It is probably

due to the fact that nine of the 12 rare landraces were

represented only by a single accession (Table 1),

whereas all the common landraces were represented

by at least five accessions. The rare landraces’

minimal abundance is the main factor that most

increases the risk of genetic erosion since it can lead

to their local extinction. During a germplasm collec-

tion in 2007, a farmer from SEYUC reported that he

had lost his seed of Pool-santo and Chak-chı́

landraces in the 2006 agricultural cycle due to a lack

of rain. In another case, a farmer from CEQROO

stopped planting the Chocolate and Tabaco landraces

in 2005 because he became sick that year and did not

cultivate his milpa. Unfortunately, when we made the

germplasm collection, this farmer was the only one

who had these landraces. At present these two rare

landraces have not been collected again.

Two factors that could reduce the risk of genetic

erosion in some of the rare landraces are dark seed

color and their mixed management by Mayan farm-

ers. Both aspects favor the entrance of wild alleles

through formation of wild-weedy-domesticated com-

plexes and the generation of weedy forms (Martı́nez-

Castillo et al. 2004). Two special cases in the use of

seed mixtures are the Bacalar and Balche landraces.

These have become a kind of ‘‘genetic dump’’ as they

contain seeds similar to many different landraces,

such as Box-petch, Putsica-sutsuy, Chak-petch, Chak-

saac, Pool-santo and Chak-uolis, among others.

Indeed, in 2007 weedy forms were observed among

the seeds harvested of Bacalar in CEQROO (Fig. 4).

The abundant landraces group had the lowest

values of genetic diversity among the three groups for

all estimators, except for H that showed the same

value showed for the rare landrace group (Table 3).

These low values could be reflecting a germplasm

selection influenced by external market demands.

Martı́nez-Castillo et al. (2004) reported that one of

the main selection criteria applied to the three most

abundant landraces (Mulición, Sac and Putsica-

sutsuy) is seed production for sale. As a result of

this, Mayan farmers currently tend to plant white

seeded landraces (Mulición, Sac, Mejen, Nuk). This

leads to a selection against weedy forms produced

from crosses between landraces and the wild popu-

lations surrounding milpas, consequently limiting

introgression of wild alleles and increasing the risk

of genetic erosion. In relation to dominant Lima bean

landraces, Debouck (1979) collected at least ten

different landraces in the Mayan community of

Nohalal, Campeche, but currently only three have

been observed and these are dominated by Mulición

and Sac (direct observation). Informal interviews

with Mayan producers in Nohalal suggest that this

loss of landraces is associated with the introduction of

mechanized agriculture and monoculture of improved

varieties of corn. Recent field observations indicate

that even the planting of abundant Lima bean

landraces such as Mulición and Sac is decreasing in

response to low prices. A similar case is happening in

SYUC, where the Mejen landrace has been replacing

the other landraces with color of seed different from

white (Martı́nez-Castillo et al. 2004). Recently, Me-

jen has decreased in cultivated area as a result of a

low in demand markets. Even though in this study

Mejen is considered as a landrace, there are evidences

that it could be a improved variety introduced

approximately 25 years ago: (1) it was not found by

Debouck in 1979, (2) it is a variety planted as a

monocrop (an aspect non common in the traditional

Mayan agriculture) and it is no associated with maize

Fig. 4 Weedy forms found into a Bacalar seed lot from

central-east Quintana Roo
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as all the other landraces, and (3) it is a variety with a

very short productive cycle that depends on a lot of

water, a limited resource in the Yucatan Peninsula.

This decrease in the number and density of planted

populations may mean that a new genetic bottleneck

is soon to come for the abundant landraces.

One little-studied factor in the genetic erosion of

crops is change in the food preferences of the rural

populations. For Lima bean in the Yucatan Peninsula

this currently takes three forms: (a) young adults

and children do not eat it; (b) only the elderly plant

many of the rare landraces for their own use; and (c)

cowpea (Vigna unguiculata (L.) Walpers, locally

known as x-pelon), introduced to the region from

Africa in the 20th century, has been replacing

P. lunatus. In fact, Lima bean is progressively being

replaced in some regions of Latin America by other

food legumes (Maquet et al. 1997). As it is a long

process to re-introduce a crop plant, in a study

conducted in Cuba, Esquivel and Hammer (1988)

proposed to maintain Lima bean landraces as part of

the traditional horticultural system. In several Mayan

towns of the Yucatan Peninsula, some landraces are

planted into the home gardens. Inclusive, the Madza-

kitam landrace is named X-Konan jonal (keeper of

the house) too, because this landrace can be planted

into the home gardens or the milpa. However, it is not

a common agricultural practice. On the other hand,

loss of landraces is also apparently linked to the

different generations in human populations. Reports

document that the Mayan farmers planting a large

variety of rare landraces are elderly and their death

almost surely means the loss of these landraces

(direct observation).

Genetic relationships

The UPGMA (Fig. 5) did not show the presence of

the Potato and Sieva cv-gr, which was also the case in

the PCoA (Fig. 6). This coincides with other studies

based on morpho-phenological (Martı́nez-Castillo

et al. 2004), alloenzyme (Lioi et al. 1998; Maquet

et al. 1997) and seed storage protein (Gutiérrez-

Salgado et al. 1995; Maquet 1995) data that also did

not detect cultigroups, even though some included

material from throughout the Americas. Only Fofana

et al. (1997), using RAPD markers, have reported

low but significant differentiation between the Potato

and Sieva accessions from America. These authors

state that the lack of clear differentiation is because

Fig. 5 Dendrogram (UPGMA) based on Nei and Li similarity

coefficient (1979) of 21 landraces analyzed using 90 ISSR loci.

The numbers at the nodes are the proportion of similar

replicates supporting each node. The letters between brackets

correspond to those ones identifying to the landraces on Fig. 6
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these cultigroups are involved in a sympatric differ-

entiation process which has not been sufficiently

pronounced to generate two more divergent groups.

About the clear existence of these cultigroups, in a

study of Lima bean landraces made in Peru, Debouck

et al. (1987) mentioned that either more cultigroups

would exist in small seeded Lima beans or the

distinction between Sieva and Potato cultigroups

would lack validity.

One aspect that leads to the lack of differentiation

between cultigroups in the domesticated Lima bean

pool from the Yucatan Peninsula is inter-landrace

gene flow. Martı́nez-Castillo et al. (2004) reported

the planting of up to seven landraces in a single milpa

and the existence of large numbers of hybrid seeds.

Using eight microsatellite loci, Martı́nez-Castillo

(2005) observed very high levels of gene flow among

domesticated Lima bean populations within each of

the four agricultural regions (CEQROO, Nm = 18.1;

SEYUC, Nm = 10.7; NECAMP, Nm = 6.1; SYUC,

Nm = 2.9). Although Lima bean is mainly an

autogamous species, crossing rates of up to 48%

have been reported, depending on genotype, growth

conditions, plant spacing, prevailing wind direction,

and native insect populations (Baudoin et al. 1998).

There are recent reports of crossing rates of up to

73% in domesticated populations from CEQROO,

values probably due to the plant spacing (usually

zero meters between neighbor plants due to the

indiscriminate growth pattern of landraces) and the

high diversity and abundance of local pollinator

insect species in the region (Chimal Chan 2008).

These high crossing rates could be favoring the

intraspecific hybridization among landraces of the

Yucatan Peninsula. On the other hand, seed exchange

between producers, and typical agricultural practice

among traditional Mayan farmers living in the same

region, could be increased the gene flow among

landraces.

The Figs. 5 and 6 also do not show any group

associated with geographic origin of collections or

other groups that could be explained by the existing

ethnobotanical, morphological or phenological data

(Martı́nez-Castillo et al. 2004). A group consisting of

the Tabaco and Balche landraces was observed at the

minor group level and may be associated with

geographic origin since both are from CEQROO

(Fig. 5), but the bootstrap value supporting this clade

is low (0.18) (Fig. 5). The bootstrap low values

present in the Fig. 5 supports no existence of landrace

groups clearly differentiated at the molecular level in

the domesticated gene pool of the Lima bean of the

Yucatan Peninsula, Mexico.

Mejen landrace separated in a different clade to the

other landraces (Fig. 5). This supports the hypothesis

that Mejen is an improved variety introduced to this

region of Mexico 30 year ago, approximately. If this

is true, this study give evidences about the negative

Fig. 6 Scatter plot of 21

landraces based on first and

second components of

principal coordinate

analysis (PCoA) using 90

ISSR loci. The letters

correspond to the letters

between brackets

identifying to the landraces

on Fig. 5
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role of the introduction of improved varieties in the

displacement and genetic erosion of landraces in their

domestication and diversity centers.

Within the domesticated gene pool analyzed, there

are three landrace groups with a very similar seed

morphology: (1) Mulición and Sac; (2) Putsica-

sutsuy, Tsisibal and Balam-pach; and (3) Bacalar,

Balche and Tabaco (Martı́nez-Castillo et al. 2004).

The genetic relationship analysis using ISSR mark-

ers, however, did not group them together (Figs. 5

and 6). This highlights the need for broader sampling

across the entire Peninsula to collect the largest

possible allelic diversity for these landraces. Any

collection based solely on seed morphology and/or

local names could exclude a large part of the allelic

diversity of these landraces.

Conclusion

Genetic diversity in the genetic pool of domesticated

Lima bean P. lunatus in the Yucatan Peninsula,

Mexico, remains high, although much lower than its

wild counterpart. The rare landraces are in a higher

risk of genetic erosion because, with few individuals

living per landrace and with moderate genetic

diversity, it represents the greatest loss of unique

alleles if these landraces go to local extinction. On

the other hand, the abundant landraces have the

lowest genetic diversity levels and are thus at great

risk of genetic erosion due to selection criteria

imposed by an external market, too. Although the

high gene flow levels observed in the Lima bean

domesticated gene pool could be limiting the genetic

erosion of its landraces, we have to think that the

landraces are not just a group of not-related alleles.

Instead, each is a package of alleles selected during

centuries by traditional Mayan farmers to cope to

different environmental restrictions.

If the data about relative abundance reported by

Martı́nez-Castillo et al. (2004) reflect the current

condition of the domesticated Lima bean pool in the

Yucatan Peninsula, then this species is at very high

risk of genetic erosion since this region is one of its

main centers of genetic diversity in Mesoamerica. If

current trends continue in the region, many Lima

bean landraces may cease to be grown into the milpa

in two to three generations. To prevent this, in situ

conservation programs are needed that address: (a) an

emergency collecting effort to save all landraces

ex situ, as a back up for the in situ conservation

activities, (b) in situ conservation of landraces and

the alleles they consist of; (c) generation of wild-

weedy-domesticated complexes that allow introgres-

sion of wild alleles into landraces; and (d)

reintroduction of rare landraces and programs to

promote their planting and acceptance among young

Mayan producers and their families. To do this, areas

need to be selected that favor in situ conservation

while considering the natural, economic, social and

cultural factors that contribute to this conservation. In

the case of Yucatan Peninsula, we considerate that

the route SEYUC-CEQROO can be the area for this

in situ conservation, and not only for P. lunatus, but

also for many domesticated plants present in the

Mayan milpa of this region of Mexico, too.
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González A, Wong A, Delgado-Salinas A, Papa R, Gepts P

(2005) Assessment of inter simple sequence repeat

markers to differentiate sympatric wild and domesticated

populations of common bean. Crop Sci 45:606–615

Gower JC (1966) Some distance properties of latent root and

vector methods used in multivariate analysis. Biometrika

53:325–338

Gutiérrez-Salgado A, Gepts P, Debouck DG (1995) Evidence

for two gene pools of the Lima beans, Phaseolus

lunatus L., in the Americas. Genet Resour Crop Evol

42:15–28

Hammer K, Laghetti G (2005) Genetic erosion – examples

from Italy. Genet Resour Crop Evol 52:629–634

Hamrick JL, Godt MJW, Murawski DA, Loveless MD (1991)

Correlations between species traits and allozyme diver-

sity: implications for conservation biology. In: Falk DA,

Holsinger KE (eds) Genetics and conservation of rare

plants. Oxford University Press, New York, pp 75–86

Harlan JR (1965) The possible role of weedy races in the

evolution of cultivated plants. Euphytica 14:173–176

Harlan JR, de Wit JMJ (1971) Toward a rational classification

of cultivated plants. Taxon 20:509–517

Hernández-Xolocotzi E (1959) La agricultura. In: Beltrán E

(ed) Los recursos naturales del sureste y su aprovech-

amiento, vol 3. Instituto Mexicano de Recursos Naturales

Renovables, México, D. F.
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