
A
f

N
a

b

c

d

a

A
R
R
A

K
C
S
I
t
S
A

1

z
S
t
r
o
D
o
a
a
1

(

0
d

Scientia Horticulturae 134 (2012) 60–71

Contents lists available at SciVerse ScienceDirect

Scientia  Horticulturae

journa l h o me page: www.elsev ier .com/ locate /sc ihor t i

nalysis  of  genetic  diversity  of  Cucurbita  moschata  (D.)  germplasm  accessions
rom  Mesoamerica  revealed  by  PCR  SSCP  and  chloroplast  sequence  data

.  Barbozaa,∗,  F.J.  Albertazzia,b,  J.A.  Sibaja-Corderob,  F.  Mora-Umañac,  C.  Astorgad,  P.  Ramíreza,b
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a  b  s  t  r  a  c  t

The  aim  of  this  research  was  the  genetic  characterization  of  218  accessions  of  Cucurbita  moschata  Duch-
esne,  a  squash,  and its  relationship  with  morphological  characteristics  of  agronomic  interest,  which  are
part  of  the  international  collection  conserved  at Tropical  Agricultural  Research  and  Higher  Education
Center  (CATIE),  Costa  Rica.  The  majority  of the  accessions  came  from  Mexico  and  Central  America;  single
genotypes  from  Cura�ao,  Colombia,  Peru  and  the  Russian  Federation  were  also  included.  The  polymerase
chain  reaction  (PCR)  and  single  strand  conformation  polymorphism  analysis  (SSCP)  were  used  for  the
analysis  of the  regions  amplified  with  ITS1–ITS2  nuclear  primers  and  tRNL–F  chloroplast  primers.  Hap-
lotypes  were  constructed  according  to band  patterns  in SSCP  gels.  Twenty-five  haplotypes  were  found
using  the  ITS1–ITS2  markers,  and  24 haplotypes  were  found  with  the  tRNL–F  markers.  Unique  haplotypes
were  found  with  both  markers.  Two  individuals  of each  tRNL–F  haplotype  were  sequenced.  The  results
indicated  a high  level  of genetic  diversity  in  CATIE  squash  collection.  Using  ITS1–ITS2  primers,  it was
found  that the  number  of  haplotypes  was  independent  of the  geographical  source  of  the  accession,  and
haplotypes  were  distributed  randomly  throughout  the study  area.  Mexico  had  the  highest  values  of total

heterozygosity  (HE),  genetic  diversity  (H)  and  Shannon  index  (I) while  Panama  showed  the  lowest  val-
ues. Sequences  obtained  from  tRNL–F  intergenic  marker  showed  the  highest  diversity  index  values were
present  in  the  group  of  additional  sequences  and  Mexico,  and  lower  values  were  observed  for  Nicaragua,
Guatemala  and  Panama.  PCoA  based  on  morphological  data  showed  three  groups  and  by ANOSIM  (R)
all group  differences  were  significant.  Results  obtained  in  this  study  suggest  that  high  diversity  is a
characteristic  of C.  moschata  from  Mesoamerica.
. Introduction

In the new world, the genus Cucurbita (pumpkin, gourd and
ucchini) is composed of 12–14 species found from the United
tates to Argentina (Nee, 1990; Lira and Caballero, 2002). Five of
hese species were domesticated before European contact and
epresented an important source of food in the native economies
f America (Sauer, 1950; Andres, 1990; Nee, 1990; Merrick, 1990;
ecker-Walters and Walters, 2000). Cucurbita moschata (squash) is
ne of the most important vegetables in tropical areas. The mature

nd young fruits, flowers, seeds, and the tops of young stems
re used for human consumption (National Research Council,
989; León, 2000). C. moschata is cultivated principally in small
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subsistence gardens or for sale in local markets. These farms
have handled the majority of the world production of squash for
decades (Gwanama et al., 2000).

Squash is among the most commonly cultivated species of
the West of India and the lowlands of Central and South Amer-
ica. To date, a wild ancestor of C. moschata is not known (Nee,
1990; Sanjur et al., 2002). Colombia has been proposed as a cen-
ter of origin because of the great diversity of fruits observed there
(Zhiteneva, 1930). The possible hybridization of cultivars with
wild species of Cucurbita in Colombia has been suggested (Nee,
1990). Robinson and Decker-Walkers (1997) and Decker-Walters
and Walters (2000) mentioned that C. moschata has been cultivated
in Mesoamerica since pre-Colombian times and that it was  possibly
domesticated in Mexico and South America independently.
Few molecular analyses to estimate genetic relationships in
squash have been conducted (Ferriol et al., 2004; Gwanama et al.,
2000). Characterization of regional collections of C. moschata in
germplasm banks is necessary in order to define strategies for the
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ollection and preservation of genetic variability, and to gener-
te information useful in genetic improvement programs. Markers
ased on DNA such as RAPD (Random Amplified Polymorphic DNA)
ave been used to analyze the genetic diversity of C. moschata

n Korea and southern Africa (Youn and Chung, 1998; Baranek
t al., 2000; Gwanama et al., 2000). The aim of this investiga-
ion was to determine the genetic variability of 218 accessions
f C. moschata belonging to the germplasm bank of the Tropical
gricultural Research and Higher Education Center (CATIE), Turri-
lba, Costa Rica. Conformational variants in DNA sequences were
mplified using the polymerase chain reaction (PCR) and visual-
zed in non-denaturing polyacrylamide gels (PCR-SSCP) (Orita et al.,
989). The intergenic regions of genes 18S–5.8S–26S were ampli-
ed by nuclear primers ITS1 and ITS2 (Mullis and Faloona, 1987),
nd the chloroplastic intergenic region was amplified using chloro-
last primers tRNL–F (Taberlet et al., 1991). Then DNA of selected
aplotypes was sequenced.

. Materials and methods

.1. Plant material

Plant material used in this study was obtained from the
ermplasm bank at the Tropical Agricultural Research and Higher
ducation Center (CATIE), Turrialba, Costa Rica. The majority of the
elected 218 accessions of C. moschata were collected in Mexico
nd Central America. Individual samples from Cura�ao, Colombia,
eru and the Russian Federation, and an accession of Cucurbita
rgyrosperma (Nicaragua 12025, Table 5) were also included. Seeds
rom the 218 accessions were planted in pots using two  seeds per
ccession. Twenty-two days after sowing, seedlings were collected,
abeled and stored at −70 ◦C. One gram of leaf tissue was used for
solation of nucleic acid.

.2. DNA extraction and isolation

Nucleic acids were extracted using the CTAB method (Doyle
nd Doyle, 1987), quantified using a Thermo Spectronic Helios

 spectrophotometer (Thermo Fisher Scientific, Inc.) and treated
ith ribonuclease A (100 mg/ml) (QIAGEN). The DNA was  quanti-
ed again, and visualized in 1% agarose gels stained with ethidium
romide (TAE 1×, 95 V for 40 min).

.3. Molecular markers

Total DNA was used in the polymerase chain reaction (PCR) to
mplify a fragment of approximately 500 bp using rDNA primers
TS1–ITS2 (Mullis and Faloona, 1987) and a 500 bp fragment using
hloroplast DNA primers tRNL–F (Taberlet et al., 1991). The PCR
ixture (10 �l) contained 30–50 ng of total DNA, 100 ng/�l of

rimers, 2.5 mM MgCl2, 0.25 mM of dNTPs, 1× reaction buffer solu-
ion and 0.05 units of DNA polymerase (Fermentas Hamover, MD)
he mixture was initially denatured at 94 ◦C for 5 min, then ampli-
ed by 5 cycles at 94 ◦C for 1 min, 48 ◦C for 45 s, and 72 ◦C for 3 min,

ollowed by 23 cycles at 94 ◦C for 1 min, 55 ◦C for 45 s, 72 ◦C for
 min, and a final extension at 72 ◦C for 7 min  in a PTC-100 ther-
al  cycler (MJ  Research, Inc., MI). Following amplification, 4 �l of

oading buffer (15% Ficoll, 0.25% Bromophenol blue, 0.25% xylene
yanol), 2.65 �l urea (5 M)  and 9.85 �l TBE 1× were added to each
ample. Amplified DNA products were denatured for 5 min  at 100 ◦C

nd placed on ice. The PCR fragments were analyzed in 10% non-
enaturing polyacrylamide gels (PCR-SSCP 29:1) (Bio-Rad, CA) in
.5× TBE at 200 V. Denatured products amplified by primers ITS1
nd ITS2 (10 �l) and tRNL–F (15 �l) were separated during 65 min
ulturae 134 (2012) 60–71 61

and 55 min, respectively. Gels were stained with silver nitrate
(Caetano-Anollés et al., 1994).

2.4. Data analysis

The Visual Basic Application for Excel (VBA) GenAlEx vrs. 6.0
(Peakall and Smouse, 2006) was  used to construct a matrix of
genetic distances for the haplotypes obtained from the pattern of
bands observed in the PCR-SSCP gels of the intergenic ITS marker.
Principal coordinate analysis (PCoA) was used to classify and detect
structure in the relationships between the accessions, and a three-
dimensional graph was constructed with Systat vrs. 11.0 (SYSTAT
11, 2004). The haplotype frequencies were calculated using 218
accessions of C. moschata. Total heterozygosity (HE), genetic diver-
sity (H) (Nei, 1973) and Shannon index (I) (Lewontin, 1972) indices
were determined with the software Popgene vrs. 1.31 (Yeh and
Boyle, 1999). Geographical zones with only a single individual were
eliminated.

Accessions with geographic data were used to compare genetic
and linear geographic distance matrices by Mantel test (1967)
(GenAlEx6) (Peakall and Smouse, 2006), using 9999 permutations
and a significance level of 0.05 (33 from Costa Rica, 17 from El
Salvador, 34 from Guatemala, 37 from Honduras, 26 from Mexico,
eight from Nicaragua and 17 from Panama). An analysis of molec-
ular variance (AMOVA) (Excoffier et al., 1992) (GenAlEx6) (Peakall
and Smouse, 2006) was  performed to estimate the percentage of
variation among and within locations.

The combination of the primers tRNL–F (Taberlet et al., 1991),
tRNV–M and tRNS–T (Demesure et al., 1995), atpB-rbcL  and atpF
intron (Weising and Gardner, 1999), tRNH-psbA (Hamilton, 1999),
and rps19 (Skinner, 2000) was  tested using PCR-SSCP gels, with
some samples selected by random.

The haplotypes were selected based on the pattern of bands
observed in the PCR-SSCP gels according to the chloroplast markers.
The VBA GenAlEx vrs. 6.0 (Peakall and Smouse, 2006) was  used to
construct a matrix of genetic distances for the haplotypes obtained
from the pattern of bands observed. The 218 accessions were ana-
lyzed using the UPGMA method with 300 replacements. The Mantel
test (GenAlEx6) (Peakall and Smouse, 2006) was  performed to com-
pare genetic and linear geographic distance matrices, using 9999
permutations and a significance level of 0.05.

Two  individuals were selected randomly from each haplo-
type generated by PCR-SSCP. The chloroplast tRNL–F region was
sequenced with the 3130 Genetic Analyzer (Applied Biosystems,
Foster City, CA). Sequences were aligned using the algorithm from
the CLUSTAL X tool in BioEdit vrs. 7.0 (Hall, 2005), and then
improved manually. Accessions from Cura�ao, Peru and the Russian
Federation were placed in a single group as additional sequences.
DnaSP software vrs. 4.10.9 (Rozas et al., 2003) was used to calculate
polymorphic haplotypes without considering insertions or dele-
tions. Heterozygosity and nucleotide diversity indices Theta (Hom),
Theta (S) Theta (k), and Theta (Phi) were also calculated.

Analysis of molecular variance AMOVA (Excoffier et al., 1992)
was performed with Arlequin vrs. 3.01 (Excoffier, 2007) using
100 permutations and a significance level of 0.05. For all analyses,
accessions were grouped according to source country (Costa
Rica, Guatemala, Honduras, Nicaragua, and Panama). Genetic
distance was  calculated according to K2P (Kimura, 1980) and
a dendrogram was constructed using UPGMA with the soft-
ware Treecon (Van de Peer and De Wachter, 1994) with 500
replacements. A tree was  constructed considering insertions
and deletions. The accession from Nicaragua 12025 (Nic27-6)

(C. argyrosperma),  with haplotype 6, was used as an outgroup.
To establish the relationship between accessions, a network
map  was built with the polymorphic chloroplastic sequences
using the program Network vrs. 4.01 (Bandelt et al., 1995, 1999).
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Table 1
Number of haplotypes and unique haplotypes in each group using ITS1–ITS2 and tRNL–F markers.

Primer Population

Costa Rica El Salvador Guatemala Honduras Mexico Nicaragua Panama Outgroup

Accessions analyzed 36 17 46 42 38 15 20 3
Number of haplotypes

ITS1–ITS2
10 5 12 13 10 7 4 1
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Unique haplotypes 0 0 1 

Number of haplotypes
tRNL–F

8 5 11 

Unique haplotypes 0 1 1 

he Genebank (http://www.ncbi.nlm.nih.gov/genbank) number
or the accessions are: 2005 (EU262283), 6302 (EU262285),
036 (EU262284), 7907 (EU262282), 8675 (EU262279), 8901
EU262280), 8903 (EU262281), 9021 (EU262287), 20119
EU262278), 8702 (EU262288), 11290 (EU262275), 15048A
EU262289), 15763A (EU262299), 15730B (EU262269), 12269
EU262291), 12148E (EU262298), 12145 (EU262265), 12139A
EU262295), 8004 (EU262267), 8005 (EU262271), 9213
EU262268), 9233 (EU262264), 18916A (EU262272), 18943A
EU262276), 18943B (EU262270), 18946A (EU262273), 18946B
EU262266), 9317A (EU262274), 12029A (EU262293), 12035A
EU262290), 12481 (EU262296), 10700 (EU262294), 10785
EU262297), 19218 (EU262277), 12025 (EU262292), 14185
EU262300), 5713 (EU262301).

.5. Agronomic and morphological characterization

Seven quantitative characteristics based on morphological and
gronomic data previously generated by CATIE were used in this
tudy: rind thickness, peduncle length, fruit width, fruit length,
umber of seeds per fruit, weight of 100 seeds, and internode

ength. In addition, 47 qualitative characteristics were evaluated,
ncluding: cotyledon size and color, growth habit, stem shape, ten-
rils, leaf shape, color and size, marbling, lobes, pubescence of the
orsal and ventral leaf surfaces, flower color, type of sex, time to
aturity, transverse peduncle shape, the union of peduncle and

ruit abscission, fruit color, shape and yield, rind color intensity,
esh color, design, texture and hardness of the rind, the outer shape
f the peduncle, fruit apex, fruit luster, rib shape, fruit size and fruit
torage characteristics, color, intensity, moisture, flavor and tex-
ure of the flesh, amount of placenta, ease of separation of pulp and
eed, seed size, proportion of seeds per pulp (class), surface of the
eed and seed surface luster, seed coat color, seed margin and seed
argin color.
Distances for morphological data were made with the Gower

ndex (1967) using the MVSP (Kovach Computing Services, 2006),
or this test only the accessions with sequences were considered.
he accessions CR18-22, CR13-2, M3-20, M1-16, M2-17, N28-11
ere excluded for lack of some morphological data. Additionally,

 PCoA biplot based on the similarity matrix of the accessions
Gower index) and the morphological data was constructed to
how the correlation between these two data sets. The score of the
orphological variant vectors was scaled with the Pearson coeffi-

ient (for numerical variants) or Spearman rank correlation (for the
ominal data) by their standard deviation between the standard
eviations of the accession’s scores for each principal coordinate
xis (Legendre and Gallagher, 2001). Also the similarity matrix of
ccessions (Gower index) was analyzed using ANOSIM (R) (Clarke
nd Warwick, 1994), with 10,000 permutations. The value of R
etermines the level of difference; R = 1 when accession groups are
ompletely different from each other.
Genetic distances were calculated using the K2P (Kimura, 1980)
odel for sequences obtained with primers for chloroplast tRNL–F.

he Mantel test was used for comparison of quantitative and qual-
tative morphological data and chloroplast sequences. To evaluate
0 0 2 0 0
8 12 6 5 3
1 1 1 0 1

the association between quantitative and qualitative morphologi-
cal data and DNA sequences, a dendrogram was constructed with
the program Mesquite vers. 1.11 (Maddison and Maddison, 2005),
using the method of maximum parsimony and a maximum of 100
trees for the three matrices. Accession 12025 from Nicaragua (C.
argyrosperma) was  used as an outgroup.

Tree confrontation, or mirror analysis, was used to find an
association between genetic distances of the sequences and mor-
phological characters. 61 polymorphic positions were considered
and the positions of most parsimony (402, 496, 500 and 507) were
selected. In addition, three morphological characteristics (variation
in fruit size, fruit storagability and the number of seeds per fruit)
were chosen to represent the agronomic variation.

3. Results

3.1. ITS1–ITS2 marker

Electrophoretic haplotypes generated with the intergenic
marker ITS1–ITS2 by the PCR-SSCP technique were used to deter-
mine the genetic variability among the accessions from Mexico,
Central America, Colombia, Peru, Russian Federation and Cura�ao.
Twenty-five haplotypes were found distributed in patterns of 1–17
bands (Table 1). The number of haplotypes was independent of
the geographical source of the accession, and haplotypes were dis-
tributed randomly throughout the study area. Unique haplotypes
were found in three of the seven locations. Specifically, haplotypes
13 and 16 were present in Nicaragua, and haplotype 24 was found
in Guatemala.

Accessions from Mexico and Honduras presented 12 of the 25
haplotypes generated for the intergenic marker ITS. The accessions
from other countries showed fewer haplotypes. Accessions from
all the countries with the exception of Panama shared the haplo-
type one. The most prevalent was the nine in accessions from the
Mesoamerican area, with the exception of Honduras and El Sal-
vador. Accessions 11919B (Costa Rica), 7769 (El Salvador), 8704
and 11290 (Guatemala), and 10970 and 10973 (Honduras) were
not amplified by the ITS primers.

Principal coordinate analysis (PCoA) of the ITS1–ITS2 haplotypes
explained 70.18% of the variability between accessions. The first
component explained 30.04% of the variability; the second and
third components explained 23.68% and 16.46% of the observed
variability, respectively. The dispersion of the accessions showed
three groups, p = 0.4. The first group was  characterized by the pres-
ence of a large number of accessions of C. moschata,  mainly from
Nicaragua, El Salvador and Mexico. The second group consisted
mostly of accessions from Honduras, Costa Rica and Guatemala and
the third group was  composed of accessions from Panama, Mexico
and Guatemala (data not shown).

Haplotype frequency values of the accessions ranged from 0.023
to 0.550 (Table 2). This showed a considerable variation in the

genetic material analyzed. In the specific case of Mexico accessions,
a low value of 0.026 was  observed for haplotype 22, six and one.
Panama accessions presented the lowest value (0.05) for haplotype
four, intermediate (0.10) for haplotype 10, and the highest value

http://www.ncbi.nlm.nih.gov/genbank
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Table  2
Haplotype frequencies with the ITS1–ITS2 primer using 218 accessions of C. moschata from Mesoamerica.

Haplotype Costa Rica El Salvador Guatemala Honduras Mexico Nicaragua Panama

1 0.257 0.375 0.023 0.150 0.026 0.000 0.000
2 0.000  0.438 0.068 0.025 0.053 0.200 0.000
3 0.029  0.125 0.000 0.025 0.000 0.000 0.000
4  0.286 0.000 0.250 0.325 0.026 0.000 0.050
5  0.000 0.000 0.023 0.025 0.000 0.000 0.000
6  0.000 0.063 0.114 0.025 0.026 0.000 0.000
7  0.000 0.000 0.000 0.150 0.000 0.000 0.000
8 0.029  0.000 0.045 0.175 0.000 0.000 0.300
9 0.029  0.000 0.364 0.000 0.211 0.133 0.550
10 0.000  0.000 0.023 0.000 0.000 0.000 0.100
11  0.000 0.000 0.045 0.000 0.000 0.000 0.000
12  0.000 0.000 0.000 0.025 0.105 0.267 0.000
13  0.000 0.000 0.000 0.000 0.000 0.067 0.000
14 0.000  0.000 0.000 0.000 0.105 0.067 0.000
15  0.000 0.000 0.000 0.025 0.000 0.200 0.000
16 0.000  0.000 0.000 0.000 0.000 0.067 0.000
17  0.171 0.000 0.000 0.000 0.000 0.000 0.000
18 0.086  0.000 0.000 0.000 0.000 0.000 0.000
19  0.000 0.000 0.023 0.000 0.079 0.000 0.000
20 0.000  0.000 0.000 0.000 0.053 0.000 0.000
21  0.000 0.000 0.000 0.000 0.184 0.000 0.000
22  0.057 0.000 0.000 0.025 0.026 0.000 0.000
23  0.000 0.000 0.000 0.025 0.105 0.000 0.000
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24  0.000 0.000 0.023 

25 0.057  0.000 0.000 

0.55) for haplotype nine. Mexico had the highest values of total
eterozygosity (HE), genetic diversity (H) (Nei, 1973) and Shannon

ndex (I) (Lewontin, 1972), while Panama showed the lowest values
Table 3).

Comparison of the genetic distance matrix with geographical
ata in the Mantel test showed a value of r = 0.052, with a signif-

cant probability p = 0.010, but close to zero. The majority of the
aplotypes were distributed throughout the study region. An anal-
sis of molecular variance (AMOVA) for the ITS markers showed a
2% variation between the origin of the accessions and 88% variabil-

ty among accessions, with a significant probability p = 0.010 (data
ot shown).

.2. tRNL–F marker

A  pattern of high diversity was observed with the tRNL–F
Taberlet et al., 1991) primer combination using the PCR-SSCP tech-
ique. Analysis of the chloroplastic tRNL–F intergenic region by
he PCR-SSCP technique generated 24 haplotypes (Fig. 1). Mexico
howed the highest number of haplotypes for this marker with

 total of 12. This result was consistent with ITS data. Hap-
otype two was common to all countries of the Mesoamerican
egion, with the exception of Panama. Some accessions pre-
ented haplotypes unique to their country of origin, such as
aplotype seven in Colombia, eight in Guatemala, nine in Hon-
uras, 10 in Nicaragua, 13 in Mexico and 24 in El Salvador
Table 1).

A dendrogram of the haplotypes of the 218 selected accessions

id not show defined groupings that would establish a marked
ifference between the evaluated materials (data not shown).

 Mantel test was performed and no relationship was  detected
r = 0.100), with a significant probability p = 0.010.

able 3
eterozygosity (HE), genetic diversity (H) (Nei, 1973), Shannon index (I) (Lewontin, 1972

Marker Population Costa Rica El Salvador Guatemala 

ITS1–ITS2
HE 0.807 0.648 0.781 

H  0.0628 0.0527 0.0614 

I 0.1087  0.0822 0.1093 
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000

3.3. Sequencing

Selected accessions for sequencing the tRNL–F intergenic region
were clustered in six groups according to the source of the acces-
sions: Mexico, Costa Rica, Guatemala, Honduras, and Panama.
Unique haplotypes were excluded from the analysis of sequences.
Additionally, Cura�ao and Peru were included because they
shared haplotype 18 with some Mesoamerican accessions. These
sequences and the Russian Federation accession were named as
additional sequences in the analysis.

A total of 29 haplotypes were found among the 38 accessions
sequenced (Table 5). Haplotype six was  present in the Mexico 6-
12, Costa Rica 12-2, Guatemala 23-3, Guatemala 24-4, Guatemala
25-19, Guatemala 26-11, Nicaragua 28-11, Nicaragua 27-6 and
Honduras 34-15 accessions.

Diversity indices Theta (Hom), Theta (k), Theta (S) and Theta
(Phi), were obtained for each population (Table 4). The highest
diversity index values were present in the group of addi-
tional sequences and Mexico. Lower values were observed for
Nicaragua, Guatemala and Panama, respectively. AMOVA analy-
sis explained 7.04% of the variation between groups and 92.96%
within groups. This result is consistent with the observed varia-
tion between and within accessions using the intergenic marker
ITS.

The dendrogram (Fig. 2) showed no clear separation between
accessions from Central America, Mexico and Peru. The Russian
Federation accession F11-17 was markedly distant from the oth-
ers. The sequence of the accession from Nicaragua Nic27-6 was

used as an outgroup, however, it presented haplotype six, obtained
with the program DnaSP, and was  placed in the center of the
minSpanningnetwork clustering generated by the program Net-
work (data not shown).

) and the total obtained for every analysis using rDNA intergenic marker ITS.

Honduras Mexico Nicaragua Panama Total

0.814 0.874 0.818 0.595 0.762
0.0638 0.0672 0.0629 0.0458 0.0698
0.1147 0.1222 0.1042 0.0701 0.1422
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Fig. 1. Estimation of genetic diversity of the accessions ba

.4. Morphological data

The PCoA (Fig. 3) showed three groups of accessions based on
orphological characteristics. In the same way that genetic data,

he accessions cannot be grouped by the source sites. The analysis
f similarities (ANOSIM), determinates the difference of these
roups in base to their quantitative and nominal morphological
haracteristics in a 67% (R = 0.675, p < 0.0001). The group in quadrat
I of the PCoA contained accessions CR14-21, Gt25-19, Mx4-4,
a33-5 CR16-23, and CR21-23, and showed higher values or ranges
or the following characteristics: leaf shape, leaf size, weight of
00 seeds, rind thickness and hardness of the rind. This group
iffered from the group in quadrat IV of the PCoA in 81% of the
orphological data (pairwise comparison ANOSIM, p < 0.001). The

roup in quadrat IV had the accessions Mx8-18, Pr38-18, CR17-22,
R20-14, and CR19-14, and presented higher values or ranges

or time to maturity, fruit color, flesh color, internode length,
mount of placenta, and fruit. The last group was  located mainly
n quadrats I and III of the PCoA and contained samples Ho34-15,
t35-15, F11-17, CR12-2, Mx9-12, Ho36-16, Mx5-20, Gt23-3,
x10-19, Ni27-6, Ni30-6, Ho29-5, Cu37-18, Mx7-18, Gt26-11,

a31-1, and Pa31-1. This group presented higher values or ranges

or seed coat color, seed margin, flower color, pulp color, growth
abit, stem shape, texture of the flesh, pubescence of the dorsal

eaf surfaces, the outer shape of the peduncle, leaf lobes, peduncle
ength, proportion of pulp. seeds per. Morphological data for this

able 4
heta indices, Theta (S), Theta (Phi), Theta (Hom), Theta (k), using sequences obtained w
uatemala, Honduras, Mexico, Nicaragua, Panama, and additional sequences. NA, not ava

Marker Population Costa Rica El Salvador Guatemala 

tRNL–F

S 7.0 NA 2.6 

Phi  5.4 NA 2.0 

Hom NA NA 0.3 

k  NA NA 0.6 
 haplotypes obtained with the chloroplast tRNL–F primer.

group showed differences with groups in quadrats II and IV in 61%
and 70%, respectively (pairwise comparisons ANOSIM, p < 0.001).

A Mantel test was conducted to compare continuous and dis-
crete morphological characteristics and genetic distances of the
516 bp sequences obtained with the chloroplast marker tRNL–F. No
significant relationship between the evaluated variables and the
sequences was  observed (p = 0.110 and r = 0.113). The morpholog-
ical continuous characteristics were grouped in two  clusters. The
accession from Nicaragua 12025 (C. argyrosperma)  was used as an
outgroup. The first group included accessions CR21-23, CR16-23,
Gt22-3, Gt35-3 and N30-6. Accessions CR18-22, CR19-14, CR12-
2, CR15-21, P33-5, M10-14, M8-18, CR17-22, H36-16 and H34-15
were clustered in the second group. Using discrete morphologi-
cal characteristics, accessions N30-6, CR19-14, CR17-22, CR18-22,
Pr38-18, Cu37-18, M8-15 were grouped together. The other group
included accessions M9-12, M5-20, Gt26-19, CR12-2, P33-5, H36-
16, H34-15, and M6-12. The dendrogram did not show a defined
group, but accessions H36-16 and H34-15 were always grouped
together.

Groups generated with the chloroplast tRNL–F sequences were
used to perform a tree confrontation analysis, in which all poly-
morphic positions and morphological features were considered.

Sequence positions 402 and 496 showed variation between acces-
sions and the discontinuous morphological feature of variability in
fruit size, which is of agronomic interest. At position 402, all four
substitutions were present.

ith the primer tRNL–F, for accessions of C. moschata from Costa Rica, El Salvador,
ilable.

Honduras Mexico Nicaragua Panama Additional
sequences

5.3 8.1 2.0 4.0 17.3
5.3 5.7 2.0 4.3 18.3
NA NA NA NA NA
NA NA NA NA NA
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Table  5
List of accessions, source countries, observed haplotypes with primers ITS1–ITS2 and tRNL–F, abbreviations cited in the text, and sequence code.

Accession Country Haplotype ITS Haplotype LF Sequence code

2005 Costa Rica 4 22 CR18-22
11919B Costa Rica 0 0
6302 Costa Rica 4 14 CR20-14
6372  Costa Rica 18 0
7036 Costa Rica 9 14 CR19-14
7432  Costa Rica 1 2
7856 Costa Rica 1 0
7905 Costa Rica 1 20
7907 Costa Rica 17 22 CR17-22
8172 Costa Rica 4 0
8254 Costa Rica 4 14
8412 Costa Rica 4 14
8414 Costa Rica 1 23
8544 Costa Rica 17 0
8575 Costa Rica 4 14
8674 Costa Rica 4 0
8675 Costa Rica 22 2 CR13-2
8676 Costa Rica 25 23
8677 Costa Rica 17 23 CR16-23
8900 Costa Rica 1 14
8901 Costa Rica 18 21 CR14-21
8903  Costa Rica 1 21 CR15-21
8904  Costa Rica 25 14
8980 Costa Rica 8 0
9021 Costa Rica 1 23 CR21-23
9908 Costa Rica 17 20
9954 Costa Rica 18 0
9956 Costa Rica 17 21
10036 Costa Rica 4 14
10810 Costa Rica 17 19
11919A Costa Rica 1 19
20032 Costa Rica 4 14
20119 Costa Rica 3 2 CR12-2
20122 Costa Rica 22 14
20124 Costa Rica 4 21
9907 Costa Rica 1 2
7764 El Salvador 3 2
7767 El Salvador 2 0
7768 El Salvador 2 2
7769 El Salvador 0 0
7771 El Salvador 2 2
7774 El Salvador 2 0
9055 El Salvador 1 1
9060 El Salvador 3 2
9061 El Salvador 1 2
9063 El Salvador 1 19
9065 El Salvador 2 1
9076 El Salvador 2 0
9077 El Salvador 2 19
9082 El Salvador 1 24
9090 El Salvador 6 19
9093 El Salvador 1 19
9100 El Salvador 1 2
8034 Guatemala 9 1
5985 Guatemala 6 19
6288 Guatemala 24 2
8688 Guatemala 4 19
5986 Guatemala 2 2
5992 Guatemala 9 2
5994 Guatemala 9 19
5996 Guatemala 5 3
6001 Guatemala 9 1
6301 Guatemala 9 3
7753 Guatemala 9 19
7757 Guatemala 9 3
7758 Guatemala 9 2
7759 Guatemala 2 11
7761 Guatemala 6 19
7783 Guatemala 9 3
8026 Guatemala 6 19
8028 Guatemala 9 0
8324 Guatemala 4 19
8325 Guatemala 4 3
8702 Guatemala 9 3 Gt22-3
8704  Guatemala 0 3
9420B Guatemala 4 3
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Table 5 (Continued)

Accession Country Haplotype ITS Haplotype LF Sequence code

9427 Guatemala 4 19
10594 Guatemala 4 19
10599 Guatemala 9 2
11173 Guatemala 9 1
11217 Guatemala 6 1
11290 Guatemala 0 19 Gt25-19
11427 Guatemala 6 19
11440 Guatemala 8 3
11543B Guatemala 9 3
14912A Guatemala 4 3
15048A Guatemala 4 3 Gt23-3
15048B Guatemala 4 1
14971 Guatemala 10 19
15163 Guatemala 4 19
16373 Guatemala 9 2
9421B Guatemala 1 0
15763A Guatemala 4 15 Gt35-15
15747 Guatemala 2 8
12270A Guatemala 11 3
15730B Guatemala 19 4 Gt24-4
9435 Guatemala 11 20
9434A Guatemala 9 6
12269 Guatemala 8 11 Gt26-11
6498  Honduras 8 2
6499  Honduras 8 1
6504 Honduras 4 2
6505  Honduras 8 2
6507 Honduras 7 14
6508B Honduras 4 2
6509  Honduras 1 2
10863 Honduras 4 2
10887 Honduras 1 1
10890 Honduras 8 2
10893 Honduras 7 14
10915 Honduras 7 14
10926 Honduras 8 2
10970  Honduras 0 2
10979 Honduras 4 2
10983 Honduras 5 2
10988 Honduras 2 1
11026 Honduras 4 2
11038 Honduras 1 2
11048 Honduras 1 14
11060 Honduras 6 14
11072 Honduras 7 14
11078 Honduras 4 2
11088 Honduras 1 2
11100  Honduras 4 2
11116 Honduras 7 14
11117 Honduras 3 14
11118 Honduras 4 16
11122 Honduras 4 2
11779A Honduras 8 2
12148D Honduras 1 2
12148E Honduras 4 15 H34-15
14914A Honduras 7 14
15124A Honduras 4 1
15124B Honduras 4 3
12140 Honduras 8 2
12187 Honduras 4 2
10973 Honduras 0 2
12088A Honduras 22 1
12145 Honduras 23 16 H36-16
12123B Honduras 15 9
12139A Honduras 12 5 H29-5
15030A Mexico 14 2
7997 Mexico 9 2
8003  Mexico 9 2
8004  Mexico 2 20 M3-20
8005  Mexico 19 18 M8-18
8016  Mexico 9 2
9152 Mexico 21 19
9207 Mexico 23 18
9213  Mexico 20 4 M4-4
9227 Mexico 21 14
9233  Mexico 23 16 M1-16
9284A Mexico 12 3



N. Barboza et al. / Scientia Horticulturae 134 (2012) 60–71 67

Table  5 (Continued)

Accession Country Haplotype ITS Haplotype LF Sequence code

9317C Mexico 19 1
14902A Mexico 12 16
15001A Mexico 12 2
18846A Mexico 14 3
18859B Mexico 9 19
18868B Mexico 9 2
18874A Mexico 21 4
18916A Mexico 9 12 M6-12
18918A Mexico 23 18
18927A Mexico 19 16
18929A Mexico 22 1
18934A Mexico 21 3
18934C Mexico 14 14
18943A Mexico 14 17 M2-17
18943B Mexico 20 18 M7-18
18946A Mexico 9 12 M9-12
18946B Mexico 21 20 M5-20
14900 Mexico 9 2
14968 Mexico 21 18
15021 Mexico 23 18
18879 Mexico 21 13
9294  Mexico 12 14
9351  Mexico 2 19
9285A Mexico 1 1
18927B Mexico 6 2
9317A Mexico 4 19 M10-19
12011C Nicaragua 12 10
12029A Nicaragua 2 6 N30-6
12029C Nicaragua 15 16
12035A Nicaragua 15 11 N28-11
12035C Nicaragua 2 6
12036A Nicaragua 9 6
12036C Nicaragua 13 6
12058B Nicaragua 12 6
12060B Nicaragua 16 11
12061B Nicaragua 9 6
11992 Nicaragua 14 16
11994 Nicaragua 12 18
12063 Nicaragua 2 6
12066 Nicaragua 12 11
15052 Nicaragua 15 2
10789A Panama 9 3
12444A Panama 8 19
12488B Panama 9 0
10743 Panama 8 1
12465  Panama 8 0
12478 Panama 10 19
12481 Panama 8 1 P31-1
7223  Panama 9 19
7269  Panama 9 19
7270  Panama 10 19
7312  Panama 8 19
10697 Panama 9 3
10700 Panama 8 5 P33-5
10724 Panama 9 19
10740 Panama 9 19
10750 Panama 9 1
10777 Panama 9 3
10789B Panama 9 19
10785 Panama 9 1 P32-1
10778 Panama 4 0
19218  Russian Federation 1 17 F11-17
14185 Cura�ao 1 18 Cu37-18
5713  Peru 1 18 P38-18
11682B Colombia 1 7

s
P
s
c
F

12025 Nicaragua 15 

Sequence position 496 (data not shown) presented a G in acces-
ions M9-12, CR16-23 and Gt22-3; F11-17 showed a G, and only
31-1 showed an A. The rest of the accessions had a deletion, which

uggests the possibility that the alternation of bases (A and G)
ould be due to a common origin. The accession of the Russian
ederation (F11-17) presented a T at position 500, in contrast to
6 Nic27-6

Costa Rica (CR16-23) which showed an A. The rest of the accessions
were characterized by having a G in this position, with the excep-
tion of Mexico (M9-12) and Guatemala (Gt22-3), which had a C.

The morphological character named fruit storage was classified in
three stages (first stage one week, second stage six weeks and the
third 12 weeks). Costa Rica 17-22 accession presented the first
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Fig. 2. Cluster with the genetic distance of K2P (Kimura, 1980), using the methodology of UPGMA and 500 replacements with sequences obtained with the marker for
chloroplast tRNL–F, considering 51 nt. Only insertions and deletions were considered. Shaded numbers represent the number of repetitions.
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tage. Five accessions from different countries (Costa Rica 19-4,
eru 38-18, Honduras 29-5, Nicaragua 30-6 and Cura�ao 39-18),
hare the second stage. All the rest of accessions presented the third
tage.

In mirror tree analyses of position 402 of the chloroplast
equences and the morphological quantitative character of num-
er of seeds per fruit, the dendrogram on the left shows that
ccession CR20-14 from Costa Rica had a T, in contrast to
ost of the accessions, in which there was an A. The high-

st value for the morphological characteristic of number of
eeds per fruit was found for accession H29-5 from Honduras;
ccessions from Costa Rica (CR21-23), the Russian Federation

11-17), Nicaragua (N30-6), Cura�ao (Cu37-18) and Panama (P31-
) showed the lowest values. No association between position
02 and the number of seeds per fruit was observed (data not
hown).
4. Discussion

4.1. ITS and tRNL–F markers

Germplasm banks are used for the conservation and manage-
ment and use of plant genetic resources. This study is the first
genetic characterization of C. moschata accessions from Mesoamer-
ica maintained in the germplasm collection of CATIE, Costa Rica. The
genetic variability and relationships between accessions of squash
from different locations in Mesoamerica were studied using the
intergenic markers ITS1–ITS2 (Fig. 2), the chloroplast intergenic
region tRNL–F and sequencing.
A wide distribution of haplotypes in the region of study was
found. In most cases, the same haplotypes were present in acces-
sions from various countries. A clear separation according to origin
was not found. The open-pollination system in squash may  provide
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n explanation for the observed variability (León, 2000). On the
ther hand, Chen et al. (2005) in their work with Camellia sinen-
is (L.) using RAPD markers, explained that evolutionary history
nd continuous interspecific hybridization allow for the presence
f plant genetic resources with overlapping morphological, physi-
logical, chemical and genetic characteristics.

Ferriol et al. (2004) used AFLP and SRAP to group squash cul-
ivars from the Institute for the Preservation and Improvement of
alencian Agro-diversity (COMAV) of the Polytechnic University of
alencia in Spain and samples from America. Using both markers,
ost of the accessions were grouped according to source location,

nd 12 samples from Central and South America were differenti-
ted as well. One possible explanation is that most of the production
f this crop has been maintained by farmers in the same region for
undreds of years, and possibly only a few accessions were brought
o Europe from America in the 16th century (Paris et al., 2006).
his may  have caused a bottleneck effect, resulting in the observed
ifferences in accessions from different locations.

Studies in southern Africa revealed four groups among landraces
f C. moschata, where groups I, II and III consisted of individuals
ound only in Malawi. Samples from Zambia were grouped apart in
roup IV. These dissimilarities revealed a low variability in acces-
ions of squash grown in South Central Africa, which may  be due to
he high frequency of seed exchange among farmers from the same
thnic and geographical areas of study. The authors recommended
sing genotypes from America to expand the molecular diversity
f their accessions (Gwanama et al., 2000).

One explanation for the differences between earlier works with
ther markers and the present research may  be the fact that genetic
aterial from Mesoamerica was used in this study. Nee (1990),

anjur et al. (2002) and Piperno and Stohert (2003) suggested in
revious studies that the center of origin and domestication of C.
oschata is located in northern South America. Decker-Walters

nd Walters (2000) and Ferriol et al. (2004) postulated the exis-

ence of two sites of independent domestication for squash, one in

exico and another in South America, but this idea still is uncer-
ain (Pickersgill, 2007). Therefore, greater diversity in samples from
hese areas of America was expected. It is also important to consider
e characteristics based on morphological and agronomic data. Only the accessions

the type of markers used, as AFLP and RAPD provide different views
of genome variation compared with ITS1, ITS2 and tRNL–F primers.

In this study, the lowest heterozygosity values were present in
accessions from Panama (HE: 0.595), while those of Mexico (HE:
0.874) showed the highest. The values obtained for heterozygosity
(HE), Nei genetic diversity (H) and the Shannon diversity index (I)
were higher in this study (Table 3) than in other work with the
genus Cucurbita using other molecular markers and different source
locations.

Isoenzymes were used to estimate the structure and gene flow
in C. argyrosperma spp. sosoria,  C. argyrosperma spp. argyrosperma
and C. moschata in Mexico (Montes-Eguiarte and Hernandez, 2002).
HE values of 0.416 and 0.407 were obtained for C. argyrosperma
ssp. sosoria and HE: 0.391 for C. argyrosperma spp. argyrosperma.
Decker-Walters et al. (1990) in Mexico, indicated a value of
M = 0.052 for C. moschata. In Spain, Ferriol et al. (2003) worked
with AFLP in Cucurbita pepo and found diversity indices ranging
from 0.09 to 0.48, with an average of 0.25 per primer combination.
These values confirm the high genetic diversity of the accessions
used in this work. Although different markers were used in the
present study, the results are comparable (see Nybom, 2004) and
were similar to or greater than those described previously. Results
obtained in this study help to explain the number of haplotypes
from accessions of squash from Mesoamerica, and suggest that high
diversity is a characteristic of C. moschata.

A wide distribution of haplotypes of the chloroplast marker was
also observed in the region of study. Most of the haplotypes were
present in different Mesoamerican countries (Fig. 1). These find-
ings are consistent with those identified by AMOVA, where 92.96%
variability within accessions was  observed. No relationship was
found between genetic and geographical distances using the Man-
tel test. These results suggest that gene flow between individuals of
C. moschata, and other processes such as migration and out-crossing
in squash plants, are likely throughout the region.
Unique ITS1 haplotypes were present in accessions from Costa
Rica, Guatemala, Mexico and Nicaragua, while unique cpDNA hap-
lotypes were found in Colombia, Guatemala, Honduras, Nicaragua,
Mexico, Costa Rica and El Salvador (Table 1). Similar examples of
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nique haplotypes were found in accessions of Spondias purpuera
ollected in Central America and characterized from chloroplast
equences amplified in the intergenic region trnG–trnS. Miller and
chaal (2005) suggested that the presence of unique haplotypes can
e the result of an incomplete sampling system or that new alleles
ave emerged.

Genetic diversity of the accessions was estimated based on
equences obtained with the chloroplast tRNL–F. The highest diver-
ity values were detected in samples from Cura�ao, Peru and the
ussian Federation, although fewer individuals in this group were
equenced. The ancestor of the Russian Federation sample prob-
bly presented a high number of polymorphic sites. Geographic
solation and differences in environmental conditions between the
wo continents could be factors that explain the results observed
etween accessions.

Although Nicaragua had the diversity lowest values, these
esults were greater than those reported in the literature for other
ultivated species (Mohanty et al., 2002; Trapnell and Hamrick,
004). According to Hamrick et al. (1991),  large values of genetic
ariation may  be associated with broad geographic ranges, inter-
pecific hybridization and wind pollination, factors which are
resent for accessions of C. moschata from different sites in
esoamerica.
A dendrogram was constructed using the sequences obtained

ith the chloroplast primers. It was constructed using the method
f highest similarity (Fig. 2). This method grouped the accessions
n a similar manner, and did not separate them by country.

The sequence of the C. argyrosperma accession (Nic27-6) was
sed as an outgroup in the cluster analysis since it was part of the
ermplasm bank of CATIE. It is worth mentioning that this accession
Nic27-6) shared haplotype six with eight other accessions. More-
ver, this haplotype was located within the core group of accessions
btained by network analysis. Decker-Walters et al. (1990) state
hat squash was grown adjacent to C. argyrosperma Huber and C.
epo for decades in North America in the region between northern
exico and the southern United States, and report a spontaneous

ybridization between C. mochata and C. argyrosperma.  Montes-
guiarte and Hernandez (2002) have identified gene flow between
quash, C. argyrosperma ssp. argyrosperma and C. argyrosperma ssp.
osoria in traditional agroecosystems in Mexico, where wild species
ften grow close to cultivated crops. Sanjur et al. (2002) found that
ccessions of C. moschata grouped with C. sosoria and C. argyros-
erma accessions from America, indicating a close evolutionary
elationship between these species. Hybridization may  be one of
he reasons why C. argyrosperma was observed to share haplotype

 and was located within the circle of the main network sequences
n this study (data not shown).

.2. Agronomical characterization

A wide genetic diversity was found with markers ITS1 and ITS2,
RNL–F, sequences amplified with the chloroplast primers. These
esults were related to the morphological variability observed
etween accessions of C. moschata. No significant value was  found

n the Mantel test conducted among continuous and discrete agro-
omic traits and sequences obtained with the chloroplast tRNL–F
rimers. In addition, there was no association between qualitative
nd quantitative morphological data and sequences. A similar level
f morphological characterization was found in the work of Ferriol
t al. (2004) in cultivars of squash in Spain. Wide variability was
ound among the accessions, mostly in fruit size and shape, and
ind color. These accessions presented a prostrate growth habit,

nd most could not be classified into the three types proposed
Castetter, 1925). Similar results were obtained by Wessel-Beaver
1998), where a large morphological diversity was found in C.
oschata from Puerto Rico. These data are in contrast to those
ulturae 134 (2012) 60–71

obtained in Africa. Gwanama et al. (2001) worked with fruit char-
acteristics of tropical squash from Zambia. However, none of the
landrace accessions presented more than three desirable character-
istics. The dissimilarities found in his study showed a low variability
in the current crop of C. moschata, which is consistent with the
molecular characterization using RAPD.

Fruit color and flavor were characteristics considered in this
study, and there was a cluster of accessions for these character-
istics. As explained by Gwanama et al. (2001),  squash is grown
in the tropics primarily for the consumption of ripe fruit. Fruit
size, color and hardness, among other characteristics, are quali-
ties subject to consumer preference. However, those characters
showed high variation but were not grouped by PCoA, only rind
hardness and thickness were relatively close. It would be inter-
esting to extend more analyses based on those characteristics with
accessions Gt25-19 and CR14-21. Correlation between morpholog-
ical data and geographical origin is variable and depends on the
crop; a correlation was described in Artocarpus altilis (Skeekumar
et al., 2007) but was absent in Capsicum annuum (Geleta et al., 2005)
and in Solanum melongena (Tuembelin et al., 2011). It is probable
that intense exchange of materials in Mesoamerica and agricultural
practices by small farmers contribute to maintaining such morpho-
logical variability. In most cases, squash is grown for subsistence
or for sale in local markets (Ferriol et al., 2004). This could help to
explain the morphological and genetic diversity found in this study.

Fruit color is one of the best-known features in C. pepo because
of its usefulness for breeders (Paris, 2000). To date, 11 loci that
affect the development of color have been identified. In the case
of Cucumis melo, López-Sése et al. (2003) mentioned that there
are distinctive morphological characteristics such as fruit texture
and flavor that have avoided the introgression of genes from other
germplasm from different sources, even in the absence of geo-
graphic isolation.

It is important to stress that the knowledge of the relationships
between genotypes is essential for the proper use of germplasm,
especially for species that are not well characterized (Gwanama
et al., 2001). In addition, the ability to recognize available genotypes
and their genetic diversity should be considered when starting a
breeding program.
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